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Ultrafast charge dynamics of diketopyrrolopyrrole-
based terpolymers for optoelectronic applications:
impact of acceptor concentrations and thermal an-
nealing

Leonato Tambua Nchinda,** Zewdneh Genene,” Wendimagegn Mammo,® Newayemed-
hin A. Tegegne,? Dirk M. Guldi,® and Tjaart P. J. Kriiger,®/

Diketopyrrolopyrrole (DPP)-based terpolymers have emerged as promising donor materials for
organic solar cells (OSCs), offering tunable optoelectronic properties, broadband absorption,
This
study investigates the ultrafast charge carrier dynamics of three DPP-based terpolymers,

and enhanced morphological stability through random terpolymerization strategies.

(P1-P3), incorporating different ratios of fluorobenzotriazole (FTAZ) and thienothiophene-
capped DPP (TTDPP) acceptors. Using steady-state absorption and femtosecond transient
absorption spectroscopy, we examine how acceptor concentrations and thermal annealing
influence photophysical processes in pristine terpolymers and their bulk heterojunction blends
with PC71BM. Increasing the TTDPP content enhances backbone planarity, = — & stacking,
and charge delocalization, thereby reducing recombination losses and promoting efficient
charge separation. Compared to P2 and P3, the P1 terpolymer, with the highest TTDPP
ratio, exhibits the most favorable intramolecular charge transfer kinetics and balanced carrier
mobilities, consistent with its superior photovoltaic performance. As previously reported,
the corresponding terpolymer-based devices exhibited power conversion efficiencies of 5.58%,
3.10%, and 3.57% for P1, P2, and P3, respectively. Thermal annealing, however, reduces
long-lived charge populations in all blends due to fullerene aggregation, which diminishes
phase separation. These findings highlight how rational tuning of acceptor ratios in DPP-
based terpolymers provides a pathway toward optimizing both efficiency and stability in OSCs.

rations®. These devices commonly employ a bulk heterojunction

Organic solar cells (OSCs) offer a compelling renewable energy
option due to their cost-effectiveness, lightweight, flexibility, and
semi-transparency. Over the last two decades, substantial ad-
vancements, especially in the development of fullerene and non-
fullerene acceptors, have played a pivotal role in enhancing the
power conversion efficiency (PCE) in OSCs to around 18% in
single-junction devices?7 and beyond 20% in tandem configu-
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(BHJ) structure, in which a blend of electron donor (D) and ac-
ceptor (A) materials forms an interconnected nanoscale network
that facilitates efficient charge separation and movement. The
polymer donors remain vital in OSCs as they provide a balanced
phase separation and domain crystallinity within the polymer D:A
bulk heterojunction (BHJ), crucial for efficient charge generation
and collection, thus enabling high power conversion efficiencies
(PCES)EHE. However, achieving commercial viability in OSCs re-
quires not only high efficiency but also extended stability under
typical OSC conditions, such as sustained light exposure, heat,
and temperature fluctuations from day to night.

Random terpolymerization has emerged as a promising
approach to enhance the photovoltaic performance and stability
of polymer donors™I7{9 This method involves adding a
second donor or acceptor unit, transforming the polymer from
a D-A type copolymer to configurations like D;-A-D,-A or
D-A;-D-A, terpolymerstH20722| The second donor (or acceptor)
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moiety affects the polymer’s optical absorption, energy levels,
and blend morphology??. For instance, Yang et al. showed that
introducing just 5% of the donor moiety thieno[3,2-b]thiophene
(TT) into  Poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[2-
b:4, 5-b']dithiophene-2,6-diyl]-2,5-thiophenediyl[5,7-bis(2-
ethylhexyl)—4,8—dioxo—4H,8H—benzo[2—c:4,5—c/]dithiophene—
1,3-diyl]] (PBDB-T) improved the absorption coefficient and
optimized film morphology, resulting in higher PCEs in terpoly-
mer donor devices based on PC7;BM and m-ITIC.23

Beyond enhancing PCE, random terpolymerization also shows
promise for improving OSC stability. For example, we developed
and synthesized three diketopyrrolopyrrole (DPP)-based donor
terpolymer materials (P1-P3) with configuration D-A;-D-A,,
which differed in the ratio of the two acceptors (FTAZ and
TTDPP) in the backbone (thienyl-substituted benzodithiophene,
BDTT) of the terpolymers.11 The FTAZ:TTDPP ratios were 1:3,
1:1, and 3:1 for P1, P2, and P3, respectively. The PCEs of these
terpolymers were 5.6% in PC;BM-based devices and 6.3% in
IECO-4F-based devices, with the latter representing one of the
best efficiencies for fullerene-free polymer solar cells incorporat-
ing DPP-based polymers. This high performance obtained by tun-
ing the ratio of TTDPP and FTAZ was due to the broadening of the
absorption spectrum of the terpolymers, which extended between
300 and 900 nm. We observed that the absorption of the ter-
polymers could be effectively broadened by increasing the TTDPP
concentration in their backbone (P3<P2<P1), while stronger ab-
sorption in the region between 450 and 600 nm could be achieved
with a higher FTAZ ratio (P1<P2<P3) due to its lower electron-
accepting nature.!® This confirms that rational coupling of the
moieties in the terpolymers could be an effective route to enhance
the photocurrent in the resultant OSCs. 11112

The promising PCE observed in the terpolymers (Table of
the Supporting Information) led us to further explore the ther-
mal stability of the terpolymers and their blends with PC7;BM.1>
After thermal annealing at 85 °C for 3 and 24 h, we observed
that thermal degradation had no sizeable effect on the molecular
properties of the terpolymers. We also noticed that incorporation
of the FTAZ acceptor served as a viable route in enhancing the
thermal stability of the BHJ active layers. This suggests that ran-
dom terpolymerization could be a viable approach to achieving
more stable and efficient OSCs.

While the terpolymers remained structurally stable under ther-
mal stress, the blend morphology exhibited time-dependent evo-
lution, as reported previously.12 Specifically, upon thermal an-
nealing, the terpolymers underwent inter- and intrachain molec-
ular rearrangement without phase segregation. However, in
the terpolymer:PC7BM blends, thermal annealing induced pro-
nounced morphological evolution, wherein PC7iBM molecules
progressively dissociated from the terpolymer matrix and formed
distinct aggregates, as evidenced by the AFM and TEM im-
ages (Figs. and respectively, of the Supporting Informa-
tion). This aggregation disrupts the initially homogeneous P1-
P3:PC7;BM BHJ morphology by promoting phase separation of
PC7BM from the terpolymer matrix, resulting in the formation
of larger fullerene-rich domains. As these domains grow beyond
the exciton diffusion length of the active layer, exciton dissocia-
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tion becomes less efficient, thereby limiting the generation and
transport of free charge carriers to the electrodes and ultimately
reducing the photocurrent.2#2> Therefore, upon thermal anneal-
ing, the PC;71BM molecules progressively diffused out of the ter-
polymer matrix and formed sizable aggregates at the sample-air
interface, consistent with increased surface roughness as deter-
mined from the AFM images (Fig. [ST]of the Supporting Informa-
tion). The reduced interfacial area may result in a decrease in
short-circuit current density, while increased surface roughness
may compromise electrode contact, negatively affecting the fill
factor.2¥ Importantly, despite these morphological changes, no
clear molecular or chemical degradation of the P1-P3:PC7;BM ac-
tive layers was observed, which is a unique characteristic required
for the development of more efficient and stable BHJ OSCs, where
efficient charge separation and long-term device stability rely sen-
sitively on nanoscale donor-acceptor organization. Nevertheless,
there are still a limited number of studies examining the rela-
tionship between free charge carrier dynamics and morphology
in DPP-based terpolymer OSCs. This limits our understanding of
specific design principles that ensure both improved PCE and sta-
bility, as well as the mechanisms behind these enhancements.

Here, we investigated the photophysics of P1, P2, and P3 as
pristine terpolymer films and blends with PC;;BM using steady-
state absorption and ultrafast transient absorption (TA) spec-
troscopy. The results reveal that P1 achieves faster intramolecu-
lar charge transfer (ICT), in line with more balanced electron and
hole mobility when combined with PC7;BM as reported in our
previous study. ! This charge delocalization decreases Coulom-
bic attraction, facilitates the separation of charge transfer states,
and minimizes voltage loss. Hence, the different acceptor ratios
in the terpolymer backbone have a substantial impact on key per-
formance parameters and the PCE of OSCs.

2 Experimental methods

The molecular structures of the random terpolymers P1-P3 are
presented in Scheme 11 The synthesis scheme of the terpoly-
mers, including their molecular weight, structural characteriza-
tion, and optimization, has been reported in our previous publi-
cation. M These terpolymers adopt a D-A;-D-A, configuration, in
which thienyl-substituted benzodithiophene (BDTT) functions as
the electron-donating (D) unit, while fluorobenzotriazole (FTAZ,
A1) and thienothiophene-capped diketopyrrolopyrrole (TTDPP,
A2) act as the electron-accepting moieties. Varying the relative
amounts of FTAZ and TTDPP enables systematic tuning of the op-
tical absorption and energy levels of the resulting terpolymers™-Y,
To investigate how these acceptor ratios influence the optoelec-
tronic and photophysical properties of prospective OSC active lay-
ers, three compositions—FTAZ:TTDPP ratios of 1:3, 1:1, and 3:1
corresponding to P1, P2, and P3, respectively-were employed,
as shown in Scheme Regioregular [6,6]-phenyl-Cy;-butyric
acid methyl ester (PC7;BM) was purchased from Ossila and used
without further purification. Glass substrates were used for thin
film fabrication, and 1,2-dichlorobenzene (DCB), obtained from
Sigma-Aldrich, was used as received.

Thin films of the pristine terpolymers and the corresponding
P1-P3:PC7,BM bulk heterojunction (BHJ) blends were prepared
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following the procedure outlined below. Glass substrates were
cleaned in an ultrasonic bath using a soap solution, deionised
water, acetone, and isopropanol for 10 minutes each, after which
they were dried with nitrogen. The active layers—comprising each
terpolymer blended with PC7;BM in DCB-were then spin-coated
onto the substrates at 1200 rpm for 60 seconds. The blend solu-
tions were prepared at a P1-P3:PC;;BM ratio of 1:1.5 with a total
concentration of 25 mg/mL in DCB and were stirred at 50 °C for
3 hours to ensure complete dissolution. Finally, the resulting thin
films were thermally annealed at 85 °C for 24 hours.

The absorption spectra of the pristine terpolymers in DCB solu-
tion and thin film were recorded using a Perkin-Elmer Lambda 19
ultraviolet-visible-near infrared (UV-VIS-NIR) spectrophotometer.
All spectra were acquired at room temperature.
TA spectroscopy was conducted using an Astrella-F-1K amplified
Ti:sapphire femtosecond laser system from Coherent, operating
at a repetition rate of 1 kHz, 5.5 W power (5.5 mJ pulse energy),
and a pulse duration of 80 fs, with a TA pump/probe Helios de-
tection system from Ultrafast Systems. White light was generated
by focusing a fraction of the fundamental 800 nm output onto a
2 mm CaF, mounted on a translating crystal holder. A 1.2 mJ
fraction of the fundamental was used for pump beam generation
by a TOPAS Prime from Light Conversion with standard NIRUVIS
extension. An optical delay line allowed for time delays up to 7.3
ns. A depolarizer was placed in the pump beam to avoid rota-
tional dynamics. Bandpass filters with +5 or +£10 nm were used
to ensure low spectral width and to exclude 800 nm photons. The
VIS and NIR TA spectra were measured separately. By selecting
wavelengths corresponding to specific absorption features, kinetic
traces were extracted. These traces were then fitted using a mul-
tiexponential function to facilitate multi-wavelength analysis and
understanding of the dynamics observed.

Femtosecond

3 Results and discussion

3.1 Steady-state spectroscopy

The steady-state absorption and emission spectra of the pristine
terpolymers in thin film and solution are presented in Fig. [1j(a)-
(c). The absorption spectra of the pristine terpolymer films dis-
play three main bands, with the first band between 350 and
450 nm attributed to terpolymer backbone © — z* transitions and
intramolecular charge transfer (ICT) from the donor, BDTT, to
the two acceptors, FTAZ and TTDPP, as shown in Fig. [Ij(a-c).
This multiband profile is a common feature of alternating co-
/terpolymers.29 All terpolymers also demonstrated broad absorp-
tion in DCB solution, with central absorption peaks (Ag_g) occur-
ring at approximately 748 nm for P1, 737 nm for P2, and 733
nm for P3 (see Fig. a-c)). The increased absorption of P1 in
the NIR is attributed to a higher ratio of the TTDPP acceptor,
which improves the conjugation length and planarity of the P1
terpolymer backbone, enhances 7 — 7 conjugation, and facilitates
efficient ICT. 2722

Upon 600 nm photoexcitation in DCB solution, all three ter-
polymers, P1-P3 exhibited fluorescence peaks symmetrical to
their absorption profiles, with the strongest emissions observed
at 760, 825, and 824 nm for P1, P2, and P3, respectively. The
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corresponding Stokes shifts were 12, 88, and 91 nm for P1, P2,
and P3, respectively, indicating significant energy loss prior to
radiative decay in the P3 terpolymer.! Comparison of the ab-
sorption and emission spectra indicates that the emission arises
from two distinct ICT states: from the donor, BDTT, to the two
acceptors, FTAZ and TTDPP. This indicates that in the terpoly-
mers, two ICT states are established at the different D-A inter-
faces. The emission profile can thus be divided into regions be-
low and above 720 nm: the lower-energy part can be associated
with the BDTT to TTDPP ICT transition, while the higher-energy
part can be associated with the BDTT to FTAZ ICT transition. The
pristine films also exhibited broad absorption, with central peaks
at around 761, 746, and 739 nm for P1, P2, and P3, respectively,
as indicated in Fig. [I(a-c). Compared to their solution states,
the pristine P1 film displayed a significant redshift of about 13
nm, while P2- and P3-based films exhibited smaller redshifts of
approximately 9 and 6 nm, respectively. This notable redshift in
the pristine P1 film suggests stronger intermolecular interactions,
resulting in a more organized molecular orientation and denser
molecular stacking.29"32

We used PC7;BM as the acceptor polymer to explore the dif-
ferences in the photophysical processes among the three donor
materials within the BHJ (Fig. [I(d)). Compared to the blend
films of P2 and P3, the P1 blend exhibited a greater solar utiliza-
tion efficiency, leading to a wider photo-to-current response range
and higher short-circuit current density (Js.) as reported in our
previous study L (see Table of the Supporting Information.)
The weak non-covalent intermolecular interactions present in P3
restricted the charge delocalization hopping distance, thereby in-
creasing the likelihood of charge recombination. Conversely, P1
displayed a pronounced absorption peak (Ag_g), indicative of
strong m — & stacking and a higher density of molecular states.
The increased ratio of the TTDPP acceptor allowed P1 to adopt a
planar molecular backbone, which improved non-covalent inter-
molecular interactions, extended 7 conjugation, and minimized
overaggregation, as reflected in the lower RMS roughness of the
P1 blend films.12 The robust non-covalent interactions and high
density of molecular states in three-dimensional (3D) regular
orientations contribute to greater stability and promote longer-
range charge delocalization, thereby reducing delocalization en-
ergy and limiting charge recombination. Importantly, the ex-
tended charge delocalization facilitates the reduction of the en-
ergy barrier for separating interfacial charge transfer (CT) states
into free charges, effectively decreasing energy loss.=3

3.2 Transient absorption spectroscopy of pristine terpoly-
mers

The influence of varying acceptor concentrations on ultrafast
charge dynamics was investigated using TA spectroscopy. Fig.
and Fig. [S3]of the Supporting Information show the TA spectra for
pristine P1, P2, and P3 thin films excited at 600 nm. The spec-
tra of all three terpolymers reveal a broad negative differential
absorption band from around 450 nm to about 750 nm. This neg-
ative band is attributed to ground state bleaching (GSB) arising
from the depletion of the ground state, as this wavelength range

Journal Name, [year], [vol.], 1 |3
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Scheme 1 Molecular structure of the terpolymers P1-P3, highlighting their structural building blocks
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Fig. 1 Absorption (a-d) and photoluminescence (a-c) spectra of (a-c) pristine terpolymers in solution and film and (d) terpolymer:PC7;BM thin films.
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Fig. 2 TA spectra of as-cast pristine (a and b) P1 (d and e) P2, and (g and h) P3 thin films excited at 600 nm at 0.5 uJ/pulse-cm?. TA traces
probed at different wavelengths from the pristine (c) P1 (f) P2 and (i) P3 films pumped at 600 nm.

aligns closely with the steady-state absorption profiles of the ter-
polymers. Specifically, the negative signal observed near 600 nm
corresponds to GSB and stimulated emission (SE) from the local
excited (LE) state of the molecule following photoexcitation. In
the initial stages (within the first 5 ps), the negative signal around
600 nm decreases over time, while the negative signal near 740
nm and the positive signal at 1140 nm both increase (see Fig.
of the Supporting Information). These transient spectral varia-
tions are characteristic indicators of ICT.28:22134135 Therefore, the
negative signal peaking at 740 nm can be linked to the stimulated
emission of the intermolecular charge transfer (ICT) state while
the positive signal at around 1140 nm can be associated with ex-
cited state absorption (ESA) from either the direct LE or ICT state.
At longer time delays (7 ns), nearly no ESA signal was detected
in any of the terpolymers, indicating that recombination in ex-
cited states occurs within a few hundred picoseconds. Therefore,
triplet states can be ruled out as the primary source of this ESA
due to their rapid decay characteristics.

Despite these common spectral features, clear differences
emerge among the terpolymers. In P1, the ICT-related features
show a relatively strong and rapid kinetics, suggesting more ef-
ficient exciton-to-ICT conversion (within 1.3 ps) compared to P2

(2.1 ps) and P3 (3.9 ps). In contrast, the P2 film shows simi-
lar spectral signatures but with weaker ICT formation and slower
dynamics, indicating reduced efficiency of charge transfer path-
ways in this composition. The P3 film exhibits an additional ESA
feature around 650 nm, which is absent in P1 and P2. The pres-
ence of this extra ESA highlights a stronger competition between
LE relaxation and ICT formation in P3, further limiting its ICT
efficiency.

To gain deeper insight into how excitation energy influences
these differences, we next examined the TA response under low-
energy photon excitation. Fig. and Fig. [S4 of the Supporting In-
formation illustrate that low-energy photons primarily excite the
ICT band of the pristine terpolymers. As a result, the transient
spectrum rapidly displays the GSB signal of the ICT state, with
the LE state showing negligible GSB, particularly in the pristine
P1 terpolymer. Among the three terpolymers, a more rapid ICT
process was noted with the highest content of TTDPP in P1 (see
Fig. c)), while the material with the highest FTAZ ratio, P3, ex-
hibited a slower ICT process due to its weaker electron-accepting
properties (see Fig. B]1).

Therefore, in Fig. |2} it is observed that under high-energy pho-
toexcitation, the excited state of P1 (see Fig. c)) transitions to
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the visible region. TA traces probed at different wavelengths from the pristine (c) P1 (f) P2 and (i) P3 films pumped at 800 nm.

the ICT state more rapidly than that of P2 (see Fig. f)) and P3
(see Fig. i)). It is noteworthy that no spectral distortion occurs
over longer time delays, further indicating that the initial spectral
changes are intermolecular in nature. Fig. 2{(c) illustrates the ki-
netic results for pristine P1 film following high-energy excitation,
where a decrease in the signal at 560 nm coincides with an in-
crease at 740 and 1140 nm with a lifetime of about 1.3 ps. Figs.
[2I(f and i) present the results for P2 and P3 under high-energy
excitation, demonstrating a continued slow ICT process with a
lifetime of 2.1 ps and 3.9 ps in P2 and P3 respectively. Figs. |3|(c,
f, and i) depict the kinetics results under low-energy excitation,
where the ICT is directly excited by low-energy photons, lead-
ing to a rapid generation of the signal in P1, which then decays
without a transfer process. In summary, while all three terpoly-
mers display characteristic LE, ICT, and ESA features with ultra-
fast recombination dynamics, P1 demonstrates the most efficient
ICT formation, P2 exhibits weaker ICT population, and P3 shows
competing LE pathways alongside ICT. These findings underscore
how variations in acceptor concentration within the terpolymer
backbone strongly modulate ultrafast charge-carrier dynamics.

To further contextualize these film-based results, we examined
the ultrafast charge dynamics of the pristine terpolymers in so-
lution. We therefore investigated the ultrafast charge dynamics
of pristine terpolymers dissolved in DCB solution using 600 nm
excitation, with the findings presented in Fig. and Fig.
of the Supporting Information. This comparison between solu-

6 | Journal Name, [year], [vol.], 1

tion and film measurements provides a baseline to disentangle
intrinsic molecular dynamics from morphology-driven effects in
solid-state films, thus serving as a reference for both pristine ter-
polymer films and terpolymer:PC7;BM blend films. In the case of
the P3 solution, similar to the pristine film, a negative signal is
initially observed around 600 nm, followed by a slower negative
signal at 740 nm, indicating a sluggish ICT process (around 4.2
ps). Specifically, at early times, the negative signal near 600 nm
diminishes over time, while the negative signal near 740 nm and
the positive signal at 1030 nm increase. These transient spec-
tral changes provide evidence of the ICT process. 28221341536/ Thys,
as represented in Fig. {4 high-energy photons excite electrons to
the LE state, which then transitions to the ICT state, whereas low-
energy excitation directly promotes electrons to the ICT state. The
ICT state can be considered a delocalized electronic state within a
molecule that facilitates the separation of excitons at the electron
donor-acceptor (D/A) interface.

Overall, the comparison of film and solution measurements
highlights how molecular composition and morphology jointly
dictate ICT formation and recombination dynamics in the pris-
tine terpolymers. While solution studies may capture the intrinsic
photophysics of the donor-acceptor backbone, the films reveal
additional influences from molecular packing and intermolecular
interactions. Fig. [5|and Fig. of the Supporting Information
display the TA spectra of pristine terpolymer films that have been
thermally annealed at 85 °C for 24 h. When connected to the
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as-cast results, this comparison reveals the impact of morpholog-
ical evolution induced by thermal stress. Specifically, when com-
pared to the TA data from the as-cast films, the overall TA signal
for the GSB of the P1-P3 terpolymers is markedly diminished af-
ter thermal annealing, suggesting that exciton recombination has
increased. While the TA spectra of both the as-cast and annealed
pristine terpolymer films exhibit comparable ESA features, the an-
nealed films show a slight spectral blue shift and a slower decay
in ESA intensity. Among the three terpolymers, P1 retains rela-
tively stronger ICT signatures after annealing, consistent with its
more robust charge-transfer dynamics, whereas P2 and especially
P3 show more pronounced loss of ICT intensity and slower decay,
reflecting their higher tendency toward exciton recombination.
The thermal annealing results thus highlight how morpholog-
ical evolution alters exciton recombination and ESA decay, par-
ticularly weakening ICT contributions in P2 and P3. To further
disentangle the origin of the ESA features and confirm whether
they arise from ICT, CS states, or singlet excitons, we extended
our analysis to pump fluence-dependent measurements. The ESA
band observed in various donor/acceptor alternating copolymers
can be attributed to charge-related states, including intramolec-
ular or internal charge transfer (ICT) and charge-separated (CS)
states.2Z138 The kinetics of these states typically show a slow rise,
significant ESA intensity at extended time delays (greater than 1
ns), and predominantly slow decay during shorter time delays.
Fig. of the Supporting Information illustrates the evolution
of the ESA at 1140 nm for the pristine terpolymers, measured
at various pump intensities. The rise of the ESA at 1140 nm oc-
curs within a few hundred femtoseconds following excitation, and
the ESA signal nearly disappears after 500 ps. These characteris-
tics differ significantly from those associated with charge-related
states, suggesting that the ESA band around 1140 nm primarily
corresponds to singlet excitons. At high excitation intensities, sin-
glet exciton-exciton annihilation (EEA) can enhance the recombi-
nation of excitons due to a bimolecular reaction.22l However,
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this effect is minimal in both the as-cast and degraded films, as
the decay of the 1140 nm ESA remains consistent across different
pump intensities. Consequently, as confirmed by pump fluence-
dependent studies (Figs. and [S9| of the Supporting Informa-
tion), the decay dynamics of the pristine terpolymer films are
largely unaffected by the pump fluence, indicating that the EEA
effect is negligible in this investigation.

3.3 Transient absorption
terpolymer:PC;;BM thin films

spectroscopy of

The relaxation dynamics of the excited state in
terpolymer:PC7;BM blend films were examined through TA
spectroscopy. Fig. [f] and Figs. and of the Supporting
Information display the TA spectra of these blend films following
the selective excitation of the donor terpolymers at 600 nm.
Here, excitons are primarily generated within the donor domains
of the BHJ films. In Fig. E](a and b), the GSB at about 750 nm
in the TA spectrum of the P1:PC;;BM blend film is attributed to
the GSB of the P1 donor terpolymer. In contrast, the TA spectra
for the P2:PC7BM (Fig. [6l(c and d)) and P3:PC7;BM (Fig. [6f(e
and f)) blend films show two negative signals near 600 and 750
nm, also corresponding to the donor terpolymer GSB, as seen
in Fig. [2] and Fig. of the Supporting Information. Each of
the three blend films contains positive peaks at approximately
950, 1140, and 1300 nm, with P1:PC;;BM having an extra ESA
peak at around 525 nm. The ESA signal at 1140 nm coincides
with the GSB signals and is associated with the absorption
of either the local excited state or the intermolecular charge
transfer state. Additionally, a new peak around 950 nm appears
in the near-infrared region of the blended films, likely due to the
charge transfer state absorption from the donor to the acceptor.
According to the literature, the ESA in P1:PC;BM, peaking
around 525 nm, can be assigned to the absorption of the charge
separated state.#2 Furthermore, a new ESA peak emerges at
1300 nm, alongside the GSB of the donor terpolymers, which can
be attributed to the ESA signal of the PC7;BM acceptor polaron3
(as illustrated in Fig. of the Supporting Information).

These observations under high-energy excitation highlight the
presence of both donor- and acceptor-related spectral signatures
in the blend films, with distinct ESA contributions that reflect ef-
ficient charge generation and separation. To further probe the
excitation-wavelength dependence of these dynamics, low-energy
photoexcitation was employed. As illustrated in Fig. |7|and Figs.
and of the Supporting Information, low-energy photons
primarily excite the ICT band of the terpolymer:PC;1BM blend
films. Consequently, the transient spectrum promptly reveals the
GSB signal associated with the ICT state, while the GSB signal for
the LE state is minimal. Among the three terpolymers, P1, which
contains the highest proportion of TTDPP, exhibits a more rapid
ICT process, whereas P3, which has the highest FTAZ ratio, shows
a slower ICT process due to its weaker electron-accepting capabil-
ity. Specifically, a slightly enhanced ESA signal appears at around
525 nm, near the absorption band of PC;;BM in the P1:PC7;BM
blend film, resulting from a more efficient electron transfer from
the donor terpolymer P1 to the acceptor PC7;BM. These results
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600 nm.

therefore emphasize how terpolymer composition and excitation
energy jointly govern ICT dynamics, highlighting distinct mecha-
nistic pathways in pristine versus blended films.

Thus, as depicted in Fig. [6} under high-energy photoexcitation,
the transition of P1 to the ICT state occurs more rapidly than for
P2 and P3. Compared to the pristine terpolymer films, the GSB
and ESA signals in the as-cast terpolymer:PC;7,BM blend films dis-
play a longer-lasting kinetics since the excitons within the active
layers separate into electrons and holes in distinct phases, lead-
ing to the formation of loosely bound or completely separated
species. 445 A similar long-lived TA species has been reported in
other BHJ films and has been attributed to radical cation or anion
species resulting from electrochemical oxidation.4647 The pres-
ence of the ESA signal around 1300 nm in the blend films further
confirms the combination of the two components in the BHJ, as
this signal is absent in the TA spectra of the pristine terpolymer
films but present in the terpolymer:PC;,BM blend films.

These findings confirm that high-energy excitation in the
blends not only facilitates faster ICT formation in P1 compared
to P2 and P3, but also promotes the generation of long-lived
charge-separated species, as reflected in the extended GSB and

8 | Journal Name, [year], [vol.], 1

ESA dynamics and the emergence of the 1300 nm ESA band.
Having established the distinct photophysical behavior of the as-
cast blends, it is equally important to assess how thermal stress
influences these charge dynamics. Thermal annealing is partic-
ularly relevant for OSC stability, as it can induce morphology
changes that directly affect the recombination of CT states and
the efficiency of long-lived charge separation. Accordingly, Fig.
and Figs. and of the Supporting Information show the
TA spectra from terpolymer:PC7;BM blend films that underwent
thermal annealing for 24 hours at 85 °C. Compared to the as-cast
blends, the overall TA signal of the terpolymers’ GSB is markedly
diminished following thermal annealing, suggesting a reduction
in phase separation®®, and an increase in the recombination of
CT states.

While thermal annealing highlights how morphology changes
can influence the recombination of CT states and the lifetime
of charge-separated species, it is also crucial to consider how
the excitation conditions affect charge dynamics. Specifically, in
polymer:fullerene and polymer:polymer blends, high pump flu-
ence levels can trigger bimolecular reactions that increase the
decay rate at early times. Within BHJ blends, bimolecular re-
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and probed in the visible region.

combination occurs through exciton-exciton annihilation (EEA)
and exciton-charge annihilation (ECA), with ECA generally be-
ing more significant than EEA. ECA is primarily influenced by the
movement of charge carriers, while EEA is reliant on the move-
ment of singlet excitons. 4148750 As illustrated in Fig. of the
Supporting Information, the dynamics of photoinduced absorp-
tion at 1140 nm for all BHJ blends show fluence dependence,

indicating that bimolecular processes such as non-germinate re-
combination prevail at high pump fluences. The decay profiles
of P2:PC71BM and P3:PC7;BM exhibit a smaller fraction of long-
lived separated charge carriers (see Table of the Supporting
Information), which implies that charge carrier diffusion in these
blends is less efficient compared to the P1:PC7;BM blend film,
where diffusion-limited exciton dissociation plays a minor role.
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At later time intervals, charges become easily identifiable due to
the appearance of charge-induced absorption, a behavior that has
been documented in other material systems, such as P3HT:PCBM
and Si-PCPDTBT:PCBM.>1>2

Over a timescale of several picoseconds,
thermally-annealed terpolymer:PC;1BM thin films showed a de-
crease in the ESA signal intensity at 1140 nm and an increase at
950 nm (see Fig. [6] and Fig. [8). We attributed the ESA near
1140 nm to exciton-induced absorption, drawing from its similar-
ity to the ESA observed in the pristine terpolymer films (see Fig.
[2), while the ESA at 950 nm was linked to charge-induced ab-
sorption. This shift suggests that a portion of terpolymer excitons
is converted to charge carriers through diffusion-limited exciton
dissociation. The assignment of the CT state is further supported
by excitation fluence-dependent measurements. The decay dy-
namics monitored at 950 nm (Fig. and 1140 nm (Fig.
exhibit a significant dependence on fluence, indicating bimolecu-
lar recombination of free polarons in the CT state. This behavior
signifies that charge separation is evident as a second-phase spec-
tral transfer in the terpolymer:PC7;BM blend films.

both as-cast and

Examining the GSB dynamics of the as-cast and thermally an-
nealed blend samples (Fig. [SI7), both show significant fluence-
independent decay behavior, particularly in the as-cast P3-based
active layer, suggesting that geminate recombination primarily
occurs, reducing the available charge carriers at early times. It’s
important to note that these bound charges are unlikely to con-
tribute significantly to photocurrent since they do not fully sep-
arate and recombine rapidly. This observation helps explain the
lower EQE in P2 and P3-based devices-!/ compared to those based
on P1; the P2:PC7BM and P3:PC;;BM blends likely experience
less efficient charge generation and/or greater losses from gemi-

10| Journal Name, [year], [vol.], 1

nate recombination.

The observed fluence-independent decay and the prevalence of
geminate recombination in P2- and P3-based blends indicate that,
despite initial charge generation, many excitons fail to separate
efficiently at the electron D/A interface. To further quantify these
dynamics and gain insight into exciton diffusion and charge sep-
aration efficiencies, we analyzed the ESA around 1140 nm using
a multi- exponentlal ﬁttlng approach The multi-exponential func-
tion/ =Aje 0 +Ase 5 +Aze 5 was employed to fit the exciton life-
time of the ESA around 1140 nm, where 7y, 7, and 73 represent
the initial exciton generation, the exciton lifetime during diffusion
toward the electron D/A interface prior to dissociation, and the
lifetime of long-lived separated charge carriers, respectively. Fit-
ting the lifetime at 1140 nm alongside other selected wavelength
traces (Fig. of the Supporting Information) provided time
constants along with their corresponding amplitudes as shown in
Table which reveal that exciton diffusion in P2:PC7BM (1, =
70.71 ps) and P3:PC7;BM (1, = 92.42 ps) is more efficient than in
P1:PC7;BM (7, = 278.60 ps) BHJs. This indicates that following
photoexcitation, excitons in the terpolymer donor form quickly
within the donor domains, then migrate promptly to the elec-
tron D/A interface. However, slower ICT processes in the P2 and
P3 terpolymers restrict further exciton diffusion, limiting efficient
charge transfer pathways at the interface and leading to recombi-
nation at the electron D/A interface. The slow recombination at
the CT state in the P1:PC71BM active layer could contribute to en-
hancing the OSC performance, as rapid decay of geminate pairs
might hinder the formation of free charge carriers. Moreover, the
rise time of the ESA signals in terpolymer:PC;,BM films shows a
fluence-independent behavior (see Fig. [S15]and Fig. [S16), similar
to observations in other BHJ OSC active layers.42>3 This charac-
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teristic suggests that neither ECA nor EEA impacts the formation
of the initial CT state.

These  results  correspond  with  observations in
terpolymer:PC;1BM-based solar cells, where electron mobil-
ity was found to be lower than hole mobility, with P3-based
active layers displaying the lowest electron mobility (Table |S1|of
the Supporting Information). The rapid sub-10 ps charge gen-
eration and substantial proportion of long-lived separated charge
carriers correspond with the improved device performance of the
P1:PC;;BM-based devices. However, after thermal annealing,
all three blend films showed a marked reduction in long-lived
separated charge carriers due to fullerene acceptor aggregation,
which diminished phase separation. In our previous report'>, P1-
based active layers exhibited reduced crystallinity, while P2- and
P3-based active layers showed more stable morphologies after
24 hours of thermal degradation. Generally, reduced crystallinity
increases electron D/A interfaces and weakens phase aggre-
gation, suggesting that integrating TTDPP in the terpolymers
accelerates exciton dissociation and enhances exciton diffusion
to the electron D/A interface, reducing recombination likelihood
and improving FF. This result is supported by the relatively faster
exciton diffusion time in the thermally annealed blend films,
indicating faster exciton diffusion in the pure terpolymer phases
after thermal annealing. However, aggregation of the fullerene
acceptor after thermal annealing limits exciton separation at the
electron D/A interface. These findings therefore suggest faster
electron transfer at P1:PC7;BM interfaces than at P2:PC;1BM and
P3:PCy,BM interfaces. Additionally, P1:PC7;BM blends exhibited
smaller domain sizes than P2:PC71BM and P3:PC;;BM blends,
even after thermal degradation as evident in the AFM (Fig.
and TEM (Fig. analysis reported previously,1® enabling
effective exciton dissociation at electron D/A interfaces.

Based on the above analysis, the charge carrier kinetics in the
BHJ can be simplified as shown in Fig. of the Supporting
Information. When photons are absorbed, excitons are gener-
ated within the terpolymer donor regions in the BHJ films. These
photogenerated excitons migrate toward the terpolymer:PC;;BM
(D/A) interfaces, where they either dissociate into free charge
carriers or relax back to their ground state via radiative or non-
radiative recombination. During exciton separation, the elec-
trons and holes —- along with their associated polarons —- move
towards opposite electrode terminals, resulting in photocurrent
generation. For the P1:PC;BM blend, higher electron mobil-
ity enables efficient conversion, leading to an overall higher ef-
ficilency. However, for P2:PC7;BM and P3:PC;7BM, the slower
ICT process in the P2 and P3 terpolymers reduces electron mo-
bility. This causes excitons to accumulate at the interface, where
they rapidly recombine, decreasing electron mobility and, conse-
quently, PCE.

4 Conclusions

In summary, we systematically investigated three DPP-based ter-
polymers, characterized by differences in the ratios of the two ac-
ceptors, FTAZ and TTDPP, and their impact on charge carrier dy-
namics in both pristine terpolymer films and terpolymer:PC;;BM
blend films. The P1 terpolymer, with the highest TTDPP con-
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tent, adopted a more planar molecular backbone, enhancing 7—
n stacking and non-covalent intermolecular interactions, which
together facilitated extended m—conjugation and reduced over-
aggregation. These structural features led to a redshifted ab-
sorption into the near-infrared region and promoted efficient in-
tramolecular charge transfer, as confirmed by femtosecond tran-
sient absorption spectroscopy. The improved n—charge delocal-
ization and balanced carrier mobilities in P1 translated into su-
perior photovoltaic performance compared to P2 and P3, as re-
ported in our previous publication.!! When blended with the
fullerene acceptor PC7BM, PCEs of 5.58%, 3.10%, and 3.57%
were achieved for P1, P2, and P3 terpolymer-based devices, re-
spectively, as shown in Table[S1|of the Supporting Information.11
Upon light absorption by the active layers, excitons are generated
within the terpolymer donor domains of the BHJ films. These
excitons diffuse toward the terpolymer:PC;1BM donor-acceptor
interfaces, where they either dissociate into free charge carriers
or recombine through radiative or non-radiative pathways. Suc-
cessful exciton dissociation produces electrons and holes that mi-
grate toward opposite electrodes, thereby generating photocur-
rent. In the P1:PC7;BM blend, higher electron mobility and more
efficient ICT facilitate effective exciton separation and extraction,
resulting in superior device efficiency. In contrast, the slower ICT
processes in the P2 and P3 terpolymers limit electron mobility,
increasing the likelihood of exciton accumulation and rapid inter-
facial recombination. This reduced charge transport efficiency ul-
timately lowers the PCE in the P2- and P3-based devices. On the
other hand, thermal annealing further reduced the population of
long-lived charge carriers in all blends due to fullerene acceptor
aggregation, highlighting the delicate interplay between molecu-
lar design, nanoscale morphology, and charge transport. Collec-
tively, these results demonstrate that rational tuning of acceptor
ratios in DPP-based terpolymers enables precise control over pho-
tophysical processes and morphological stability, providing a vi-
able pathway toward optimizing both efficiency and stability in
OSCs.
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