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Non-fullerene acceptors (NFAs) are rapidly transforming organic solar cell (OSC) performance and
stability, yet the operational principles of pristine NFA devices remain underexplored. Here, we reveal
that interfacial energetics, rather than bulk properties, dominate charge generation and recombination in
pristine NFA-based photoactive layers (PALs). Although recent studies suggest spontaneous charge
generation within the NFA bulk, our findings demonstrate that charge generation and extraction
predominantly occur at the hole transport layer (HTL)/NFA interface, mimicking bilayer device behavior.
Moreover, while CuSCN forms favorable interfaces that sustain long-lived charges and enhance
photocurrent, PEDOT:PSS exhibits poor energy level alignment and a high trap density, leading to severe
recombination losses via triplet exciton formation. Introducing as little as 2 wt% donor polymer
surpasses the PAL percolation threshold, forming donor—acceptor interfaces that enhance photon utili-
zation, reduce injection barriers, and improve charge transport. Our results not only challenge current
interpretations of charge generation in pristine NFA devices but also establish new design principles for
simplified, scalable single-component OSCs suited for next-generation semitransparent photovoltaics,
including building-integrated photovoltaics (BIPV) and agrivoltaics.

Accelerating the global shift to clean, sustainable energy is critical to mitigating climate change and reducing dependence on fossil fuels. Organic solar cells
(OSCs) offer a compelling path forward due to their lightweight, flexible form factors and scalable, low-cost processing. The development of non-fullerene

acceptors (NFAs) has driven major advances in OSC efficiency, with recent studies—particularly on Y6—suggesting the potential for charge generation without

donor materials. However, mechanistic understanding of these processes remains incomplete. In this work, we present a detailed investigation of pristine
L8BO, a leading NFA in the Y6 molecular family. Our findings provide direct evidence that charge generation in pristine L8BO occurs not intrinsically, but at the
interface with charge transport layers (CTLs), behaving like a bilayer system. We show that semiconducting CTLs enable efficient charge separation, while

metal-like CTLs accelerate recombination via triplet-state formation. Introducing a small amount of donor polymer enhances interfacial energetics,

significantly improving performance. These results refine the emerging understanding of NFA-based devices, highlighting interfacial processes as key to

their function. The insights presented here will inform the rational design of more efficient, simplified OSCs and guide broader optoelectronic applications

critical to the clean energy transition.
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has provided an essential impetus to the power conversion
efficiencies (PCEs) of organic solar cells (OSCs), now exceeding
20% for bulk heterojunction (BHJ) devices.' The high PCEs of NFA-
based OSCs are often attributed to the complementary absorption
of NFAs to the donor materials,” relatively long exciton diffusion
length,® as well as the low exciton binding energy of NFAs.*

In organic semiconductors, light absorption usually forms
excitons due to the low dielectric constant of those materials.

This journal is © The Royal Society of Chemistry 2025
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Hence, most high-performing OSCs utilize a BH]J, which is
necessary to efficiently split excitons into free charges and over-
come the limited exciton diffusion length of most traditional
organic semiconductors. Such BHJ is composed of an electron-
donating (lower electron affinity) and an electron-accepting
(higher electron affinity) material blended in the photoactive
layer (PAL), where the energetic offsets between the donor (D)
and acceptor (A) dictate free charge generation®® and voltage
losses.® Critically, at the D/A interface, those energetics are
strongly influenced by the interaction of charges with the strong
quadrupole moments of modern NFA molecules.”

Recently, pristine Y6 has been reported to generate photo-
induced charges without the assistance of a donor material.®
Consequently, functional OSCs were demonstrated using pris-
tine Y6 as the PAL, though the performance varied significantly
across different reports.>® More recently, we showed that
photoinduced charges can also be generated in other NFAs."’
It is tentatively believed that the varying local energetics of A-
D-A type NFAs favor the splitting of the excitons, facilitating
charge generation.'®! However, careful analysis of OSCs using
Y6 PAL shows that the PCEs of these devices depend signifi-
cantly on the hole transport layer (HTL) used. For example,
0SCs with pristine Y6 as the PAL and MoOx,"> PEDOT:PSS,?
PCP-Na,® and CuSCN® as the HTL resulted in PCEs of 0.05%,
0.09%, 0.63%, and 4.4%. Eisner et al. have also shown the
presence of emissive charge-transfer (CT) states between
CuSCN and organic acceptor molecules, which is believed to
facilitate charge generation.'?

Furthermore, in a BHJ configuration, unipolar charge extrac-
tion is achieved: NFA being the high electron affinity (EA)
material, its EA energetically aligns with the electron transport
layer (ETL),'*'®> whereas for the donor material with lower
ionization energy (IE), its IE aligns energetically with the
HTL. Intuitively, in devices with pristine NFA as the PAL, the
alignment between the IE of the NFA and the HTL would also
be crucial for efficient hole selectivity and extraction.

While it is evident that CuSCN facilitate better performing
OSCs with NFA as the only PAL, the field is imperatively lacking
a conclusive mechanistic understanding about (a) what makes
CuSCN superior for NFA only OSCs, compared with other
commonly used HTLs such as PEDOT:PSS that perform well
in bulk-heterojunction devices but not NFA only, (b) does
spontaneous charge generation really happens in the bulk of
pristine NFA or does it primarily happen at the HTL/NFA
interface, (c) are small photoinduced charge signals observed
spectroscopically usable for devices, and (d) does the HTL-NFA
interface play a role in charge recombination limiting photo-
current generation?

Zhang et al.,'® demonstrating Y6 devices with CuSCN interpreted
the non—zero EQE in the entire absorption range of Y6 as an
evidence of spontaneous charge generation in Y6. However, when
CuSCN is replaced with PEDOT:PSS as the HTL, the EQE drops from
a maximum of ~25% to just over 1%, making the authors conclude
that unlike CuSCN, the PEDOT:PSS interface with NFA does not
facilitate free charge generation. Importantly, this study again points
towards an important role CuSCN plays in such devices.

This journal is © The Royal Society of Chemistry 2025
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On the other hand, it has also been shown that adding small
amounts of donor polymer to NFAs can significantly enhance
the charge generation in NFAs,®'®'® and consequently the
device performance.'”” Dolan and colleagues have recently
shown that adding only 1% of a donor polymer PIDT-T8BT to
Y6 can significantly enhance the short-circuit current (Jsc) from
0.28 mA cm ™ to 7.82 mA cm ™ >."* The above findings challenge
our current understanding of how NFA-based OSCs work. It is
therefore necessary to systematically investigate and under-
stand the role of the donor materials, and the HTL in the
photo-physical processes of charge generation and recombina-
tion in pristine NFA solar cells.

In this work, we study OSCs based on pristine L8BO, an NFA
from the Y-family with branched alkyl side chains,'® chosen
for its exciton diffusion length that exceeds that of Y6' and
anticipated morphology-induced energy cascade, making it a
good candidate to probe free charge generation.’ Experimental
findings and electro-optical simulations show that exciton
dissociation and charge generation in pristine L8BO primarily
takes place close to the hole transport layer (HTL)-PAL hetero-
junction when CuSCN or PEDOT:PSS is used as the HTL.
However, we show that due to the unfavorable energetics for
L8BO devices, PEDOT:PSS acts as a recombination site, in line
with the outcomes of our drift-diffusion simulations. As a
result, photoinduced charges in L8BO quickly recombine into
triplets, severely affecting the device performance. In contrast,
L8BO devices with CuSCN as the HTL predominantly form free
charges which are long-lived, as a result, OSCs with PCE of
4.2% were achieved. Addition of <5 wt% PM6 to L8BO further
enhanced the PCE to 7.9%. The results demonstrate that
utilizing an energetically favorable HTL as a heterojunction or
the presence of a trace amount of donor polymer is significant
and necessary to achieving long-lived charges by facilitating
charge generation and suppressing charge recombination.

Results and discussion

Impact of HTL energetics in L8BO devices

We fabricated OSCs using pristine L8BO as the PAL, and CuSCN
and PNDIT-F3N as the HTL and ETL respectively, and demon-
strated a PCE of 4.2% (Fig. 1(A), Table 1; see Table S1, ESIT for
statistical data from over 20 devices). It is noteworthy that, an
OSC device based on pristine L8BO PAL, resulted in Jsc of
7.9 mA cm ™2, an open-circuit voltage (Voc) of over 0.86 V, and a
fill factor (FF) of 61%. This is consistent with previously
reported pristine Y6 devices.’ In contrast, when CuSCN was
replaced with PEDOT:PSS as the HTL, L8BO devices performed
poorly with drastically reduced photovoltaic parameters (Fig. S1
and Table S1, ESIT) Jsc of 0.09 mA cm ™2, Vo of over 0.74 V and
27% FF, resulting in a negligible PCE of 0.02%. Similarly,
2PACz and Br-2PACz interlayers,*® when utilized instead of
CuSCN, resulted in PCEs of 0.08% and 0.05%, respectively
(Fig. S1 and Table S1, ESIt). This strongly demonstrates the
significant role the HTL plays in achieving L8BO devices with a
reasonable performance.
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Fig. 1 Photovoltaic and electrical characterization reveals that non-geminate recombination limits the fill factor, and PEDOT:PSS acts as a charge
recombination site in L8BO solar cells. (A) J-V curve of L8BO device and the total generated charge measured using time-delayed collection field (TDCF)
as a function of applied bias. Inset shows the structure of L8BO devices. (B) Energy level alignment of L8BO with CuSCN. (C) Energy level alignment of L8BO with
PEDOT:PSS. The energy levels determined from UPS and LE-IPES measurements have been rounded to the nearest decimal digits. The reproducibility of UPS
and LE-IPES measurements including experimental uncertainty is approximately +0.1 eV. (D) External quantum efficiency (EQE,,) and electroluminescence (EL)
spectra of L8BO OSCs with CuSCN. The EQE, was determined using sensitive EQE and reconstructed from EL (below ~ 1 x 10~*) using the reciprocity relation.

The inset depicts the measured radiative recombination loss above the band gap (AVsq), radiative (AVoc rag). and non-radiative voltage loss (AVoc ny).-

To develop more insights into the difference between CuSCN
and PEDOT:PSS at the heterojunction between the HTL and
L8BO, we systematically probed the interfacial energetics using
ultraviolet photoelectron spectroscopy (UPS) and low-energy
inverse photoelectron spectroscopy (LE-IPES). When L8BO is
deposited on CuSCN or PEDOT:PSS, Fermi level (E) alignment is
expected.”” CuSCN is a wide bandgap material with IE known to
range between 5-6 eV and EA of 2.5 eV, determined via experi-
mental and computational methods.>*** The work function of
CuSCN (thickness optimized for best-performing devices, Fig. S2,
ESIt) deposited on ITO was determined to be 5.22 eV, and the

valence band edge at 0.54 eV away from the Ey, resulting in an IE
of 5.76 eV (Fig. S3, ESIT). When a thin layer of L8BO was deposited
over CuSCN from a chloroform solution without any additive, we
found the IE and EA of L8BO to be 5.65 eV and 3.95 €V,
respectively, resulting in a transport gap (E;) of 1.70 eV. Consider-
ing the change in work function when L8BO was deposited on
CusSCN, indeed a small IE offset of only 0.16 eV was determined
between CuSCN and L8BO (Fig. 1(B)), which is energetically
favorable for efficient hole transfer from L8BO to CuSCN.

In contrast, when the energetics at the PEDOT:PSS/L8BO
interface were probed, we found a large hole injection barrier

Table 1 Summary of the measured photovoltaic parameters, optical (Egopt). transport gap (Ey), and different types of voltage losses in L8BO devices
using CuSCN as the HTL. AVsq, AVoc rag. and AVoc o, refer to the radiative recombination loss above the band gap, radiative and non-radiative voltage loss
respectively, derived from the electroluminescence (EL) and EQE,, measurements. Average PCE was obtained from over 20 devices

Jsc [mA Cmfz] Jsc,EQE [mA Cmfz] Voc [V] FF [%] PCE [%] Avg. PCE [%] E¢ [eV] Eg opt [eV] AVSQ [V] AVoe rad [V] AVocnr [V]
7.9 6.8 0.87 61 4.2 3.8 1.66 1.44 0.30 0.04 0.22
7612 | Energy Environ. Sci., 2025, 18, 7610-7623 This journal is © The Royal Society of Chemistry 2025
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of 0.83 eV between the E; of PEDOT:PSS (4.9 eV from vacuum
level) and the IE of L8BO (Fig. 1(C)). Unlike CuSCN which is a
wide bandgap material,>® PEDOT:PSS is known to have metallic
properties as determined by photoelectron spectroscopy
earlier.”® Thus, the alignment of PEDOT:PSS E; between the
electronic bandgap of L8BO is likely to render PEDOT:PSS layer
as a charge recombination site.>® This can explain why L8BO
devices utilizing PEDOT:PSS have significantly low photocurrent
and negligible performance compared to their CuSCN counter-
parts (Fig. S1 and Table S1, ESIt). These findings are significant
and offer novel mechanistic insights into why L8BO only devices
perform poorly when PEDOT:PSS is used as the HTL.

Voc and FF in L8BO devices

After establishing the crucial role that the energetics of the
CuSCN HTL plays in achieving well-functioning L8BO devices,
we probe the performance-limiting factors in L8BO/CuSCN
devices. We measured sensitive external quantum efficiency
(sEQE) and electroluminescence (EL) spectra (Fig. 1(D)) to

View Article Online

Energy & Environmental Science

unravel the origin of voltage loss (AViess = Egope — Voc) in
L8BO devices. We determined the optical bandgap (Eg opt) of
L8BO (from the intersection of the SEQE and EL spectra) to be
1.44 eV, around 0.26 eV lower than the E; due to the exciton
binding energy, consistent with previous studies." We calcu-
lated a relatively large total voltage loss AViggs, (Egope — Voc) of
570 mV in L8BO devices, even though no donor material was
present, which can otherwise contribute to AVj,s due to
energetic offsets between the donor and acceptor materials.>®
Using the reciprocity relation,”” radiative (AVocraa) and non-
radiative voltage loss (AVocn) of 0.04 V and 0.22 V, respectively
were calculated from the sEQE and EL measurements
(Fig. 1(D)). The AVocnr of 0.22 V was also confirmed using
electroluminescence quantum efficiency (ELgqg) measure-
ments. Serendipitously, the Voc of L8BO devices and the
respective AVocraa and AVocnr are comparable to that of
state-of-the-art PM6:L8BO BHJ devices (Voc ~ 0.87 V).'* In
contrast to the Vo, the relatively lower FF limits the PCE in
L8BO devices, alongside the restricted charge generation due to
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Fig. 2 Photovoltaic characterization demonstrates enhanced exciton dissociation in L8BBO and improved charge collection as polymer traces extend
the D/A interface. (A) UV-vis absorption spectra of PM6, PIDT-T8BT, and L8BO. The inset shows the chemical structures of PIDT-T8BT, PM6 and L8BO.
(B) and (C) J-V properties and EQE of L8BO solar cells using varying amounts of PM6 as donor material, and CuSCN as the hole transport layer. (D) Jsc vs.
donor content (wt% of donor relative to total weight of donor and L8BO) in L8BO solar cells using CuSCN as the hole transport layer. Trap-assisted
recombination dominates in donor-dilute devices (<10 wt% donors), while bimolecular recombination becomes more prominent at higher donor
concentrations, as discussed later in the text. (E) and (F) J-V properties and EQE of L8BO solar cells using varying amounts of PIDT-T8BT as donor

material, and CuSCN as the hole transport layer.

This journal is © The Royal Society of Chemistry 2025
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the limited D/A interface and the lack of complementary light
harvesting capability of donor polymer, PM6 (Fig. 2(A)).

Since FF is known to significantly depend on the electric field
dependence of charge separation and recombination, we per-
formed time-delayed collection field (TDCF) measurements to
elucidate the presence of geminate and non-geminate recombina-
tion in L8BO devices. We excited the device (excitation wavelength
of 532 nm) with a short laser pulse (30 ns) while being held at a
given pre-bias (Vpre). After a delay time of 10 ns, a high reverse
collection bias (Vo) of —4 V was applied to extract all charges,
ensuring that non-geminate losses are insignificant during the
measurement. The laser fluence was chosen to be low enough to
lie in a linear regime such that the extracted charge is propor-
tional to the amount of incident photons/laser fluence (Fig. S4,
ESIt).2% Under these conditions, the total extracted charge (Q) is a
direct measure of the efficiency of free charge generation.

When reducing the field applied during illumination (Vp. is
swept from reverse bias to Voc), the total charge Q. was
independent of the applied bias V., even when approaching
Voc (Fig. 1(A)). This implies that the photocurrent does not
suffer from increased geminate recombination when the inter-
nal field is decreased, either due to the absence of geminate
recombination or the electric field is insufficient to affect it in
the applied range. Nevertheless, it shows that the FF of devices
with L8BO PAL and a CuSCN HTL is not limited by geminate
recombination, instead non-geminate recombination is the
dominant mechanism.

Effect of small donor additions to L8BO devices

When varying amounts of donor polymer PM6 are added to
L8BO, the biggest difference is reflected in the increase of Jsc
(Fig. 2(B)) and confirmed using EQE measurements (Fig. 2(C)).
Notably, in the EQE spectra the acceptor response for 2 wt%
PMB6 device is higher at 800 nm - where PM6 does not absorb -
than that in L8BO PAL devices. This points towards enhanced
exciton dissociation in L8BO and better charge collection as
polymer traces extend the D/A interface where charges are
generated, aided in that by the long diffusion length of NFA
excitons.® Consistent with previous reports on PM6:Y6, the
addition of 9 wt% PM6 to L8BO resulted in devices with 10.4%
PCE."” However, a significant increase in Jsc from 7.9 mA cm >
to 10.6 mA cm > on adding as little as 2 wt% PM6 to L8BO
compared to L8BO devices is disproportionate to the donor
content. Notably, the increase in Jsc seems to happen in two
separate regimes (Fig. 2(D)): regime (1) for donor content of up
to 9 wt%, Jsc enhancement is sharp; regime (2) for >9 wt%
donor polymer, the increase in Jsc is relatively modest. Most
reports studying the donor-dilute OSCs so far have focused
largely on regime 2 of donor addition, studying devices with a
D/A ratio reduced from a commonly used ratio of 1:1.2 (45 wt%
donor) to around 1:10 (9 wt% donor).">'”** However, signifi-
cant enhancement of Jsc upon addition of even <2 wt% donor
polymer points towards an additional mechanism of charge
generation within L8BO, instead of PM6 simply contributing to
the Jsc via complementary absorption (Fig. 2(A)). Zhang et al.*®
have tentatively attributed such behavior to enhanced electron
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diffusion lengths, but systematic studies are still required to
develop clearer understanding of the charge generation and
recombination mechanisms in NFA devices with trace amounts
of donor polymer.

We found that the sharp increase of Jsc observed upon
adding small amounts of a donor polymer to the L8BO was
more general. Indeed we observed similar Jsc enhancement in
BH]J blends of L8BO with other donor polymers PIDT-T8BT
(Fig. 2), PIDT-T12BT*° and PTB7-Th (Table 1 and Fig. S5, ESIY).
In all cases, the photovoltaic properties evolved consistently
with those of PM6:L8BO, where adding 2-5 wt% of the donor
polymer significantly enhanced the Jsc (Table S2, ESIt). How-
ever, the resultant Voc was found to strongly depend on the
donor material used, with PTB7-Th devices resulting in the
largest drop in Vo (approx. 0.13 V) amongst the studied donor
materials (Fig. S5, ESIt) compared to devices with L8BO as the
PAL. Notably, the smallest amount of donor polymer PM6
(2 wt%) resulted in functional devices with improved photo-
voltaic properties even with PEDOT:PSS as the HTL (Fig. S6,
ESIY). This shows that adding the donor polymer also provides
an energetically favorable pathway for hole transport from
L8BO to the PEDOT:PSS, while blocking electrons.

To probe the changes in the energetic landscape of L8BO
devices when adding varying amounts of different donor poly-
mers, we measured the IE and EA of L8BO-donor blend films
when L8BO is mixed with donor polymers, via UPS and LE-IPES.
Mixed in solution, the L8BO-donor blends are expected to
retain at least partially the polymer-rich and L8BO-rich phases
in thin films, as organic molecules do not readily form alloys.*"
Though the nature of such measurements is non-trivial com-
pared to measuring each pristine material (Fig. 3(D)), IE and EA
on blend films can enable a more precise determination of the
energetic landscape in a representative device.

Fig. 3 shows the UPS and LE-IPES spectra of L8BO, as well as
PM6:L8BO BH]J films (10 wt% PM6) deposited on PEDOT:PSS
coated ITO, respectively (see Fig. S7 (ESIt) for PM6:L8BO, PIDT-
T8BT:L8BO and PTB7-Th:L8BO BHJ blends deposited on
CuSCN and details). For L8BO, a work function of 4.92 eV
was measured with the highest occupied molecular orbital
(HOMO) peak at 1.17 eV having an onset at 0.83 eV away from
the E;. This corresponds to an IE of 5.75 eV (Fig. 3(A) and (B)).
The EA of L8BO was determined to be 3.93 eV. When PM6 is
mixed with L8BO, the work function of the film slightly
increases to 5.04 eV. Importantly, the peak at 1.17 eV in L8BO
shifted towards higher binding energy to 1.27 eV and broa-
dened from 0.4 FWHM to 0.58 for L8BO:PM6 BH]J blend, with
an onset at 0.78 eV. An additional narrow peak appeared at
0.76 €V with an onset at 0.33 eV and is attributed to the PMé6-rich
phase on the film surface. The broadening of peak at 1.27 eV is
likely due to the overlap of L8BO frontier orbital with that of
PMS6, in addition to some level of intermixing between PM6 and
L8BO and the concomitant disorder.*” The IE of the blend can
therefore be deconvoluted to estimate the IE of the donor-rich
(IEdonor) and the acceptor-rich (IEcceptor) Phases, approximated
as 5.37 eV and 5.82 eV respectively.*® Since the IEqonor in this
case is slightly deeper than that of pristine PM6 (IE = 5.1 eV),* it

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Energetic landscape revealed by UPS and LE-IPES measurements show that addition of donor polymer introduces an energetic cascade between
PEDOT:PSS and L8BO reducing the hole injection barrier, and blocking backflow of electrons from L8BO to PEDOT:PSS. (A) Secondary electron cutoff
and (B) valence region of UPS spectra (C) LE-IPES spectra of L8BBO, PM6-L8BO blend (10 wt% PM6 in a BHJ blend) and PNDIT-F3N ETL layer deposited
on top of PM6:L8BO BHJ layer. All samples were deposited on PEDOT:PSS coated ITO and the energy levels determined from UPS and LE-IPES
measurements have been rounded to the nearest decimal digits. (D) IE and EA of pristine PM6 and L8BO in a scenario where vacuum level alignment is
assumed. (E) Energy level alignment between PEDOT:PSS, PM6—-L8BO BHJ blend with 10 wt% PM6 and PNDIT-F3N represent the energetic landscape in
an actual device. The reproducibility of UPS and LE-IPES measurements including experimental uncertainty is approximated to be +0.1 eV.

indicates the presence of a mixed phase with an intermediate
IE lying higher than that of L8BO IE, in line with their expected
miscibility.>* The EA of the PM6-L8BO BH]J film (10 wt% PM6)
was measured to be 3.85 eV. Thus, adding donor material
facilitates better energy level alignment between L8BO and
the PEDOT:PSS by reducing the hole-injection barrier via the
donor IE, and blocking electrons to backflow from L8BO to
PEDOT:PSS and recombine, due to its semiconducting band
structure. Similarly, the addition of a small amount of PMS6,
PIDT-T8BT, and PTB7-Th introduced an additional energetic
cascade between the L8BO and CuSCN (Fig. S7, ESIt). Notably,
the estimated IE of the L8BO-rich phase in polymer-L§BO BH]
was found to be slightly lower when measured over CuSCN than
on PEDOT:PSS (Fig. S7 and Table S3, ESIt) potentially due to
differences in the molecular ordering on different substrates."*

This journal is © The Royal Society of Chemistry 2025

Since we observed drastic changes in photovoltaic perfor-
mance particularly the Jsc upon adding 2 wt% of PM6 to L8BO,
we probed the morphology of thin films of L8BO and poly-
mer:L8BO BHJ blends with 2 wt% of donor polymers PM6,
PTB7-Th, PIDT-T8BT, and PIDT-T12BT using GIWAXS (Fig. S8,
ESIt). In thin crystalline films of neat L8BO, a strong m-n
stacking diffraction peak in the out-of-plane direction (Q.)
and the lamellar peak (111) in the in-plane direction (Q.y)
suggested a preferentially face-on orientation of L8BO mole-
cules, agreeing with a previous report."® Upon adding only
2 wt% donor polymers, no significant change in the d-spacing
and the para-crystalline disorder of L8BO was observed (Fig. S9,
ESIt). This implies that the enhanced photovoltaic properties
observed in L8BO devices on adding a small amount of donor
materials are not due to any significant morphological changes

Energy Environ. Sci., 2025, 18, 7610-7623 | 7615


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee02324f

Open Access Article. Published on 25 June 2025. Downloaded on 1/25/2026 10:20:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

but are largely driven by the change in the optoelectronic
properties of L8BO demanding further analysis.

Charge generation in L8BO

To understand why pristine L8BO devices can only be realized
using CuSCN as the HTL and not with PEDOT:PSS and how
small amounts of donor material enhance photocurrent, we
investigated charge generation and recombination by transient
absorption spectroscopy (TAS) in the picosecond-nanosecond
(ps—ns) and nanosecond-microsecond timescales, respectively.
We measured TAS on L8BO films deposited on CuSCN and
PEDOT:PSS, as well as L8BO with 2 wt% PM6 on CuSCN and
PEDOT:PSS. We also measured films of neat L8BO on quartz
and an optimal PM6:L8BO blend as a reference for singlet
exciton and charge spectral signatures and dynamics, respec-
tively. Finally, we obtained reference PEDOT charge spectra
from spectroelectrochemistry on PEDOT:PSS films, consistent
with the literature.”

We identified three dominating excited species across those
systems: L8BO singlet excitons, charges, and L8BO triplets

View Article Online
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(Fig. S10 and S18, ESIt). The details of each species’ character-
istic features can be found in the ESI.{ In Fig. 4(A) and (B) we
indicated signature-like features by the letter S (singlet), C
(charges), or T (triplets). Of particular interest is the region
close to 1.2 eV, as the AT/T in that region is positive when triplet
excitons are the dominating excited species and negative when
charges dominate, while singlet excitons barely add any con-
tribution in that region. The signal kinetics of these regions are
the ones represented in Fig. 4(C) (normalized to the minimal,
hence the sign inversion), for excitation fluences giving com-
parable maximal charge densities. Note that the positive triplet
feature around 1 eV is only the low energy tail of a peak
maximizing close to 1.45 eV (see Fig. S12 and S13, ESIt), which
is mostly hiden by the excitons and charge features (which do
not contribute anymore at 1 eV).

We did not observe free charges in the absence of HTL
(L8BO on quartz, see Fig. S11 and S12, ESIt), in spite of
the initial - but very short lived - presence of electroabsorption
(see discussion in the ESIf). In contrast, both CuSCN/LS8BO
and PEDOT:PSS/L8BO exhibited a weak but clear charge
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0.3-0.45 ps 0.3-0.45 ps 1] Charge ref
M 30-45ps W 30-45ps i > 2.5 pJ/em?
' 3.8ns _ T——3000 - 8000ps o
E E | N
S 1<} g
£ £ ~
g g <0 CuSCN/L8BO
- = E 51.6 puJicm?
g g E
R k= S PEDOT/L8BC
7] (%) £ 44 11 Ve
= nJ/c
K1
Negative signal = triplets dominate
| : t II t t t t t t
1 | 1
alet exci !\ - 1 Singlet excitbns re >
1 . : 1 1t | 1 ® 1
—~ : | ’é‘ : S CuSCN/dilute blend
£ ' | 5 ' < 9.5 wiem?
| 1 c 1
T ' : Y ! =
fof N B :
3 op =1 ] 5 0P ~ 2
. "/ 5 \/ g
5 & g
(2] Charges ref Charges ref E PEDOT/dilute blend
5 0123 J/cm?
At ] 1t i
08 12 16 20 24 08 12 16 20 24  100ps 1ns 10ns 100ns 1us
Energy (eV) Energy (eV) Pump - probe delay

Fig. 4 Transient absorption spectroscopy reveals charge and triplets formation in HTL/L8BO films. On longer timescales triplets dominate with
PEDOT:PSS and charges with CuSCN. (A) and (B) Evolution of TA spectral shape in the picosecond-nanosecond timescale shows charge formation in
neat L8BO film on (a) CuSCN (glass side excitation at 730 nm, 0.7 pJ cm™2) and (b) PEDOT:PSS (glass side excitation at 730 nm, 1.5 uJ cm™2). The
reference for L8BO singlet excitons is LBBO on quartz measured 0.3-0.4 ps after excitation and for charges PM6:L8BO measured 3-8 ns after
photoexcitation. (c) TA kinetics showing the nanosecond decay of L8BO charges (film side excitation, 532 nm) probed at 1.17-1.21 eV into the ground
state (intensity going to zero) or triplets (going to negative values). Notably, the lifetime of charge generated in neat L8BO deposited on CuSCN is
comparable to that of L8BO with a small donor content (2 wt%) deposited on PEDOT:PSS. Note: the fluences represented here have been chosen to yield
comparable initial charge signals, between 13 x 107> and 15 x 107>, except the optimal blend reference for which the initial signal remained as high as
40 x 107> even at the low fluence shown here, and the L8BO on PEDOT:PSS, for which only a signal of 8 x 107> could be reached (see not normalized
signals in Fig. S15d, ESIT).
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photoinduced absorption in the nanosecond timescale around
1.25 eV (see Fig. 4(A) and (B)). Aspects of this charge generation
are discussed in more detail in the ESIj: the charge transfer
character of primary excitation in quartz/L8BO®*?°>® and the
(low) intensity of the charge signal in HTL/L8BO films. Overall,
the generation of long-lived charges appears to not be an
intrinsic L8BO property but instead the result of interaction
between L8BO and the HTL.

Importantly, while the charge generation in HTL/L8BO
seems relatively similar for both HTLs, their decay strongly
differs. Indeed, the interface with PEDOT:PSS appears to
strongly favor the formation of triplet states (see Fig. 4(C)) that
quickly become the dominating species while the charge sig-
nature disappears (see Fig. S18, ESIt). This strongly suggests
that the PEDOT:PSS/L8BO interface acts as a recombination
interface for charges (recombination resulting in triplet
formation).>® This is in line with the UPS findings that the
metallic nature of PEDOT:PSS and its unfavorable energetics
for L8BO can render it a recombination site of photogenerated
charges. This is a significant finding which conclusively
explains why OSCs made with a PEDOT:PSS HTL and a NFA
only PAL such as Y6 perform poorly, with negligible photo-
current (Table S1, ESI¥).®

The addition of 2 wt% PM6 leads to an increase in charge
generation (see Fig. S15a, ESIt), due to charge generation in the
bulk of the active layer. The magnitude of this increase relates
directly to the absorption profile: if the photons are mostly
absorbed close to the interface (upon excitation at the most
strongly absorbed wavelength: 700-750 nm), adding PM6
increases the charge signal by 50% (when exciting from the
HTL/PAL interface side); on the other hand when excitation is
distributed though the bulk (upon 532 nm excitation due to the
weaker absorption), the valorization of the bulk by PM6 multi-
plies the signal by 2.5 to 3 (see Fig. S15b, ESIt). While PM6
absorption certainly participates in this effect, we believe that
the main factor is that the D/A interface makes the bulk L8BO
absorption useful, while in the absence of PM6 only the

1.254 A) 'PM6 1
PIDT-T8BT
1.00 1. N short-circuit recombination limit____
0.751 -
o]

0.501 ]
0.25 1 ]
0.00 ;

0 2 5 9 17 45
Donor Content (wt.%)

View Article Online

Energy & Environmental Science

absorption close to the HTL (within an exciton diffusion length
distance) could be valorized. As expected, the charges generated
in the bulk are less affected by the PEDOT:PSS recombination
interface (see Fig. S15b, ESIT).

Adding PM6 also increases the duration of the charge signal
(see Fig. 5(C)). However, it cannot be concluded whether this is
beneficial. Indeed, this increase corresponds to the increase of
bulk-generated vs. interface-generated charges. As a result, the
shorter lifetimes in the absence of PM6 could be due to fast
charge extraction to the HTL layer rather than recombination.

As a summary of TAS results, we see that pristine L8BO
does not generate usable charges by itself when photoexcited.
However, the interface it forms with the HTL generates charges.
We note that these findings are in stark contrast to prior
reports on Y6, claiming that substantial charges can be gener-
ated intrinsically in Y6 domains.*®

Moreover, our results further demonstrate that while the
charge generation does not critically depend upon the choice of
the HTL, recombination does, as the energetic alignment of
L8BO with the HTL plays a crucial role in the recombination of
the generated charges. While charges generated in PEDOT/
L8BO quickly recombine into triplets, the CuSCN/L8BO inter-
face forms longer lasting charges. The addition of small quan-
tities of polymer donor, enables to valorise the bulk of the PAL,
due to charge generation at the donor:L8BO heterojunction,
while in pristine L8BO, generation originates only from absorp-
tion in the vicinity of the HTL. Finally, charges generated by the
HTL/PAL interface appear to decay faster than those generated
in the bulk. Whether this is due to fast extraction or interface-
induced recombination is studied using TPV and TPC.

Charge extraction and non-geminate recombination in L8BO
devices

Notably, devices with L8BO as the PAL and CuSCN HTL
demonstrated a reasonable FF of 61%. A slight drop was first
observed in the FF with 2 wt% PMS6, followed by a marginal
increase upon adding 5 and 9 wt% PM6. The FF later showed a
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B)

20)---2 bulk frap assisted recombination __j
— PM6
2 PIDT-T8BT
S 1.5 ]
Y—
4
K 1.0 -
<

0.5 ]

0.0 ; ; ,

o 2 5 9 17 45
Donor Content (wt.%)

Fig. 5 Electrical characterization of L8BO devices with varying donor content reveal that trap-assisted recombination is dominant for low donor
devices. (A) Variation of the slope of Jsc vs. Inl(x). (B) Variation of ideality factor n, determined from the slope of Voc vs. In/.
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significant increase to 69% and 71% for 17 wt% and 45 wt%
PMB6, respectively. This suggests that even though the Jsc was
sharply increased in regime 1 (Fig. 2(C)) of the PM6 addition,
different charge recombination mechanisms are likely at play
when the donor content is systematically varied. To get further
insights into the dominant recombination pathways, we first
study the charge recombination in L8BO devices with varying
amounts of donor polymer, by measuring the Jsc and Voc as a
function of the natural logarithm of light intensity (Fig. S19 and
S20, ESIY).

The dependence of the Jsc on light intensity has been
demonstrated to adhere to the relationship Jsc oc I.*" In case
of no non-geminate recombination at short circuit, « equals 1.
Conversely, « < 1 indicates the presence of non-geminate
recombination, and it has also been argued to originate due
to an imbalance of hole and electron mobilities.** Fig. 5(A)
shows the change in o as a function of varying amounts of
polymer added to L8BO. Neat L8BO devices exhibited an o of
0.98, with no significant change observed upon the addition of
PM6 and PIDT-TSBT (Fig. 5(A) and Table S3, ESIt). It is
noteworthy that the variation of Jsc with I primarily reflects
the recombination of only the photogenerated carriers with
each other. In contrast, the recombination of photogenerated
charges with the dark carriers at the interface with transport
layers dominates in OSCs.**** Therefore, a weak sublinear
relationship between Jsc and I might not provide conclusive
evidence for bimolecular recombination quantitatively, parti-
cularly since most charges in L8BO devices with no donor
content are created close to the interface, as seen by TAS
measurements.

On the other hand, the Voc vs. In(l) relationship has pre-
viously shown that different slopes convey distinct dominant
loss mechanisms.*' An ideality factor 7 is determined from the
slope of Voc vs. I plotted on a semilogarithmic scale using the
relation:

KT
VOC = L(ln [)
q

n = 1 suggests bimolecular recombination predominates,
whereas n = 2 implies the dominance of bulk trap-assisted
recombination. However, in the presence of surface
recombination-occurring at the photoactive layer and the con-
tact interface, it has been suggested that n < 2 even at high trap
densities,*>*° necessitating careful interpretation of n for deter-
mining the dominant recombination mechanisms, and the
contribution of both bulk trap-assisted recombination and
surface recombination. The devices with only L8BO as the
PAL featured an n of 1.80 (Fig. S20, ESIt), which reduced upon
the addition of both donor polymers (PM6 and PIDT-T8BT)
approaching n of 1.1 for 17 wt% of more of donor material
(Fig. 5(B)). This observed reduction in n shows that in devices
with pristine L8BO as the PAL, trap-assisted recombination is
the most dominant mechanism of charge recombination. Add-
ing donor polymer to L8BO reduces charge recombination via
traps by favouring hole scavenging, which agrees with the
longer-lived charges seen in TAS. Thus, going from pristine
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L8BO PAL to an optimal BHJ, the dominant recombination
mechanism changes from trap-assisted recombination to bimo-
lecular recombination.

The charge recombination and extraction mechanism in
devices observed from steady-state measurements is further
confirmed via transient photovoltage (TPV) and transient
photocurrent (TPC) measurements on L8BO and polymer-
L8BO BH]J devices (with varying amounts of PM6 and PIDT-
T8BT) (Fig. S22 and Table S3, ESIt), using CuSCN as the HTL.
The addition of donor polymer to L8BO devices resulted in
faster extraction of photoinduced charges as evident from
reduced extraction time from 0.82 ps for L8BO to less than
0.70 ps (Table S3, ESI) when PM6 or PIDT-YSBT are added to
L8BO. Similarly, the addition of increasing amounts of PM6 to
L8BO, significantly enhanced the carrier lifetime from 1.6 ps to
3.15 ps (Table S3, ESIt), in line with the UPS and TAS findings
that the presence of donor favours the extraction of holes from
L8BO to the HTL.

On the contrary, an increased amount of PIDT-T8BT is
detrimental to both the extraction and recombination of photo-
generated charge carriers, with carrier lifetime reducing from
1.6 ps to 0.9 ps when PIDT-T8BT content was increased up to 17
wt% (Fig. S22 and Table S3, ESIT). It could be hypothesized that
due to the amorphous nature, PIDT-T8BT suffers from low
mobility and high disorder, resulting in enhanced charge
recombination.

It is noteworthy that the TPV carrier lifetime in the L8BO
devices with small amounts of PM6 and a PEDOT:PSS HTL (Fig.
S23, ESIt) were significantly lower than those for identical
devices having a CuSCN HTL (Fig. S22, ESIt), also showing
that the charges recombine relatively faster when PEDOT:PSS is
used as the HTL as compared to CuSCN.

Electro-optical and drift-diffusion simulations

To theoretically substantiate the experimental findings, we
employ electro-optical device simulations. Fig. 6(A) shows the
calculated EQE of neat L8BO devices from optical simulations
accounting for the diffusion of photogenerated excitons within
the L8BO active layer. The photogeneration rate profile of
excitons is calculated from an optical transfer-matrix model
accounting for photon absorption and interference effects in
the device stack.””*® A diffusion length (Lp) of 30 nm for
excitons is assumed, similar to previous reports on L8BO and
other Y6 series acceptors in the literature.'>*

We find that the qualitative spectral features of the experi-
mental EQE of neat L8BO can be reproduced if excitons are only
allowed to dissociate at the HTL interface (Fig. 6(A)). In this
case, excitons generated in the bulk L8BO must diffuse to the
HTL interface to dissociate and generate charge carriers. Owing
to the limited diffusion length, however, only excitons gener-
ated sufficiently close to the HTL (within a distance Lp) can
dissociate and contribute to the EQE. The corresponding EQE
is dominated by a broad peak at wavelengths of 700-800 nm
originating from photons absorbed near the HTL, while a
smaller contribution is obtained from photons at wavelengths
around 500 nm which are absorbed deeper in the bulk.

This journal is © The Royal Society of Chemistry 2025
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dependence on light intensity.

On the other hand, as shown in Fig. 6(A), by successively
allowing for excitons to also dissociate in the L8BO bulk the
contribution from excitons generated deeper in the bulk can be
enhanced. Apart from increasing the overall EQE, this results in
a relative increase of the peak at 500 nm, eventually becoming
comparable to the peak at 700-800 nm. This is demonstrated in
Fig. 6(A), which also includes the cases of partial and complete
bulk dissociation.

These simulations support the above findings suggesting
that exciton dissociation and charge carrier generation in
pristine L8BO occurs primarily at the HTL interface, while the
effect of adding trace amounts of donor is to introduce photo-
current generation in the L8BO bulk.

To further investigate the implications on device performance,
we next turn to electrical drift-diffusion simulations.** To this
end, the neat L8BO device is treated as a bilayer HTL/L8BO cell
where the generation and recombination of charge carriers occur
at the HTL interface. As shown in Fig. 6(B), the experimental J-V
characteristics of neat L8BO devices (symbols) can be reproduced
by drift-diffusion simulations (solid lines) assuming the charge
carrier recombination is dominated by traps at the HTL interface.

The effect of charge carrier generation in the bulk of L8BO is
simulated in the lower panel of Fig. 6. The simulated j-V

This journal is © The Royal Society of Chemistry 2025

characteristics at 1 sun and light intensity dependence of the
open-circuit voltage are shown in Fig. 6(C) and (D), respectively.
As the charge carrier generation within the bulk is included and
enhanced, the magnitude of the current is increased showing a
similar trend to that obtained when adding small amounts of
donor in the experiments. Simultaneously, the light ideality
factor n decreases from 1.75 (no bulk generation) to 1.3 as the
charge carrier generation within the bulk is enhanced. Again,
this reproduces the experimental trend seen when adding small
amounts of donor into the L8BO layer. The decreased light
ideality factor is attributed to the reduced effect of trap-assisted
recombination at the (trap-rich) HTL interface as more charge
carriers are generated in the trap-free bulk where bimolecular
recombination dominates.

Finally, we note that the observed behaviour of the PEDOT:
PSS/L8BO device can be understood in terms of charge carrier
generation at a highly defective HTL interface, virtually acting
like a metal. This is demonstrated in Fig. S23 (ESIt) where the
effect of increasing the trap density at the interface is simu-
lated, suggesting that interface recombination is strongly
enhanced with increasing trap density; at very high trap den-
sities, the simulated J-V curve approaches the case with PEDOT:
PSS as HTL. The subsequent low current levels obtained in this
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case are a direct consequence of charge carriers being exclu-
sively generated at the HTL interface.

Conclusions

In conclusion, this study reveals that pristine NFA based devices
function as a bilayer system, with charge generation taking place
primarily at the HTL-PAL interface. Our findings underscore the
pivotal role of HTL energetics in optimizing device performance.
In devices with L8BO as the only PAL, CuSCN-L8BO interface
proved more effective in generating and sustaining long-lived
charges. In contrast, though the L8BO devices with PEDOT:PSS
as the HTL also generate charges at the LEBO-PEDOT:PSS inter-
face, these charges quickly recombine into L8BO triplet state
excitons. The detrimental effect of PEDOT:PSS on charge recom-
bination is attributed to significant interface recombination as a
result of high trap-densities at the PEDOT:PSS-L8BO interface
and highlights the importance of selecting charge transport
materials with suitable energetics for achieving well-
performing pristine NFA devices. Furthermore, the incorpora-
tion of a trace amount of donor polymer reduces the hole
injection barrier at the HTL interface, and simultaneously
enhancing the charge generation in the bulk of PAL. These
insights contribute to a deeper understanding of NFA-only
organic solar cells and pave the way for developing newer NFA
designs with better intrinsic charge generation.

Experimental

Materials

L8BO, PM6, and PNDIT-F3N were purchased from Solarmer
Inc. PIDT-T8BT and PIDT-T12BT were synthesized according to
previously reported procedures,** and PIDT-T8BT has a M, of
62.4 kg mol ! and a Py of 2.59, while PIDT-T12BT has a M,, of
54.1 kg mol™ " and Py, of 2.37. CuSCN, DES, Chloroform, MeOH
and 1,8-diiiodooctane 98% were purchased from Sigma-
Aldrich. All materials were used as received.

Device fabrication and characterization

OSCs were fabricated with the ITO/CuSCN/PAL/PNDIT-F3N/Ag
structure, else stated otherwise. ITO was cleaned using ultra-
sonication in water, acetone, and isopropanol for 10 minutes
each, followed by 1 minute of microwave oxygen plasma.
CuSCN was deposited from 26 mg mL~' solution in DES at
2500 rpm, then thermally annealed at 105 deg. C for 10
minutes. All PALs were deposited in a nitrogen-filled glovebox
from a 20 mg mL ™" solution in CHCL; with 0.5% 1,8 diiodooc-
tane (DIO). All L8BO and donor-L8BO PALs were thermally
annealed at 100 °C for 1 minute. PNDIT-F3N was subsequently
spin-coated from a 1.5 mg mL ' solution in MeOH with 0.5%
acetic acid at 1500 rpm. 100 nm of Ag was then thermally
evaporated using a mask to define the geometric area of devices
to be 0.1 ecm™2. For all device fabrication and characterization,
the wt% of donor polymers in L8BO has been approximated
from their corresponding donor:acceptor (D:A) ratio in
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solution as follows: 0 wt% (0:1), 2 wt% (1:50), 5 wt% (1:20),
9 wt% (1:10), 17 wt% (1:5), 45 wt% (1:1.2).

For the J-V characterization of solar cells, at least six
identical cells were measured for each type of device, by a
Keithley 2400 source meter unit paired with PV Measurement
Inc. solar simulator fitted with a xenon light source, calibrated
to give AM1.5G simulated spectrum with intensity equal to
1 sun. For pristine L8BO PAL devices on CuSCN, over 20 devices
prepared across different batches were measured to determine
average PCE values (Table S1, ESIt). LabVIEW program was
used to acquire and process the J-V data. -V curves were
plotted only in forward directions (at a scan speed of 0.02 or
0.05 V step” "' and swell time of 20 ms), as no hysteresis was
observed. All devices were electrically tested in a N, filled
glovebox at room temperature, with no anti-reflecting coating.

Transient photovoltage (TPV) and transient photocurrent (TPC)
measurements

To examine the charge recombination and extraction processes
in the devices, TPV and TPC measurements were performed
using the integrated PAIOS 3.2 platform system (Fluxim).
A calibrated white LED with a rise/fall time of 100 ns served
as the light source, controlled by one function generator for the
light modulation and a second function generator for the bias
application. The resulting current was then recorded using a
transimpedance amplifier.

Transient absorption spectroscopy (TAS)

TA spectroscopy was carried out using a custom pump-probe
setup. The output of a titanium:sapphire amplifier (Coherent
LEGEND DUO, 4.5 m], 3 kHz, 100 fs) was split into three beams
(2, 1, and 1.5 m]J). One of them was used to produce a white-
light supercontinuum from 550 to 1700 nm by sending the
800 nm pulses through a sapphire (3 mm thick) crystal. One of
the other beams was used to separately pump an optical para-
metric amplifiers (OPA) (light conversion TOPAS prime). The
pump-probe delay was adjusted by reducing the probe beam
pathway between 5.12 and 2.6 m while the pump pathway length
to the sample was kept constant at ~5 m between the output of
TOPAS 1 and the sample. The pump-probe path length was
varied with a broadband retroreflector mounted on an auto-
mated mechanical delay stage (broadband Newport retroreflec-
tor mounted on a Thorlabs linear stage ODL600/M controlled by
a Thorlabs BBD301 motion controller), thereby generating delays
between pump and probe from —40 ps to 8 ns.

An actively Q-switched Nd:YVO4 laser (InnoLas picolo AOT)
provided the excitation light (532 nm) for long delay (1 ns-300
us) TA experiments which is triggered by an electronic delay
generator (Stanford Research Systems DG535). The electronic
delay generator triggered by the TTL sync from the Legend
DUO, allows to control of the delay between pump and probe
with a jitter of roughly 100 ps.

The samples were kept under vacuum (below 10 ¢ mbar)
during the entire measurements. The transmitted fraction of
the white light was guided to a custom-made prism spectro-
graph (Entwicklungsbiiro Stresing) where it was dispersed by a
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prism onto a 512 pixels complementary metal-oxide semicon-
ductor (CMOS) linear image sensor (Hamamatsu G11608-
512DA) for broadband (550-1700 nm) detection. The probe
pulse repetition rate was 3 kHz, while the excitation pulses
were directly generated at 1.5 kHz frequency (ns-us delays) or
mechanically chopped down from 3 kHz to 1.5 kHz (ps-ns
delays), and the detector array was read out at 3 kHz. Adjacent
diode readings corresponding to the transmission of the sam-
ple after excitation and in the absence of an excitation pulse,
respectively, were used to calculate AT/T. Measurements were
averaged over several thousand shots to obtain a good signal-to
noise ratio. The chirp induced by the transmissive optics was
corrected with a custom Matlab script. The delay at which
pump and probe arrive simultaneously on the sample (i.e., zero
time) was determined from the point of the maximum positive
slope of the TA signal rise for each wavelength.

TDCF measurements

The TDCF system, which was custom-built, employs the second
harmonic wavelength (532 nm) from an actively Q-switched
sub-ns Nd:YVO4 laser (INNOLAS Picolo AOT) operating at 5 kHz
for excitation. To reduce the resistance-capacitance (RC)
response time, which is usually a few nanoseconds, a device
with a small area of 1 mm?® was utilized. Measurements were
conducted under dynamic vacuum conditions to prevent sam-
ple degradation. The pre-bias and extraction bias were supplied
by a Keysight S1160A functional generator, and the current
response of the device was recorded using a four-channel
digital oscilloscope from Keysight.

Ultraviolet photoelectron spectroscopy (UPS) and low-energy
inverse photoelectron spectroscopy (LE-IPES)

UPS measurements were conducted within an ultrahigh
vacuum chamber (base pressure of 10™'° mbar) using an
ARGUS-CU analyser equipped with a 128 channel stripped
anode detector (ScientaOmicron) calibrated against the Fermi
edge of clean polycrystalline silver. The analysis employed a
low-intensity UV light source (He I) with an excitation energy of
21.22 eV and a pass energy of 3 eV.

LE-IPES measurements were performed in isochromatic
mode utilizing an ultra-high vacuum setup, operational at a
base pressure of 10~ ° mbar. Photons emitted were captured
using a solid-state photomultiplier tube (PMT) detector (Hama-
matsu R585), positioned external to the vacuum. This detector
was equipped with a Semrock 280 nm bandpass filter,
which allowed a narrow wavelength window of 10 nm, and an
integration time of maximum 15 s. To ensure the integrity of
the spectral data, samples were swiftly transferred from the UPS
to the LE-IPES manipulator within the controlled ultra-high
vacuum environment, thus avoiding any contamination
through air exposure.

For these measurements, we cast thin films of L8§BO and
L8BO-polymer BH]J blend on Au-coated Si wafers with a 10 nm
layer of sputtered titanium to improve the Au adhesion. For
BH]J films, a 10 wt% donor was used for UPS and IPES
measurements. This is to have a comparable distribution of
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donor and acceptor content on the surface of the studied films
while avoiding surface saturation of BHJ film with the polymer,
which is often the case with D/A ratio of 1:1 due to lower
surface energy of the polymer. BHJ films were deposited on
CuSCN-coated ITO, to mimic the device stack.

Sensitive external quantum efficiency (SEQE) measurements

A Xenon source (Newport 300 W ozone-free xenon arc lamp)
with a monochromator (QD Lot, MSH-300) is used to produce
mechanically chopped (Stanford Research Systems SR540 opti-
cal chopper) monochromatic light at 473 Hz. An optical fiber is
used to bring the light beam into the glove box and an optical
assembly composed of filters and focusing lenses are used to
adjust the spot size of the beam. A current pre-amplifier
(Standford Research Systems 530) and a lock-in amplifier
(Stanford Research Systems SR830 lock-in amplifier) are used
to attain a high level of sensitivity. The automatic measurement
routine is performed by a home-built LabVIEW program. For
the calibration, a Silicon and Germanium Detector (Newport
71619) were used.

Electroluminescence (EL) measurements

A Keithley 2400 source meter was used to apply a constant
current to the devices. An optical fibre was placed immediately
behind the transparent electrode to bring the signal from the
device to the spectrograph (Princeton instruments).

Absolute electroluminescence measurements (EQEEL)

A Keithley 2400 source meter was used to apply a constant
current to the devices. A calibrated Si photodetector (Thorlabs
FDS1010-CAL) was placed behind the transparent electrode,
and a precision source meter (Keysight 82902A) was used to
record the current from the Si photodetector.

Equations used to calculate the energy losses.

The Vo is calculated from the Shockley—Quisser limit:

Jsc
Jo

_ k—Tln q % [ EQEpy(E) X pamis(E)AE 1
q qx fzi‘pquB(E)dE

Assuming all recombination is radiative, the radiative Voc
limit is given by:

. J:
i (Q+ 1>
JO

_ k—Tln q % [ EQEpy(E) x ¢AM1,5(E)dE+ |
q q X ISCEQEPV(E) X ¢pp(E)AE

The total energy loss can be given as:

Eioss = AE; + AE, + AE;

The radiative recombination loss above the band gap, AE;,
is calculated from:
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AE, = Eg — qV&}

The radiative recombination loss below the gap, AE,, is
calculated from:

AE, = gV — qVEe

The non-radiative recombination loss, AE;, is calculated
from:

E; — qVoc = AE1 + AE, + AE;

Alternatively, AE;, can also be calculated from the EQEgy, as
follows:

gAE; = —kTIn(EQEg)
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