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Ultrafast charge dynamics of diketopyrrolopyrrole-
based terpolymers for optoelectronic applications:
impact of acceptor concentrations and thermal
annealing
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Diketopyrrolopyrrole (DPP)-based terpolymers have emerged as promising donor materials for organic

solar cells (OSCs), offering tunable optoelectronic properties, broadband absorption, and enhanced

morphological stability through random terpolymerization strategies. This study investigates the ultrafast

charge carrier dynamics of three DPP-based terpolymers, (P1–P3), incorporating different ratios of

fluorobenzotriazole (FTAZ) and thienothiophene-capped DPP (TTDPP) acceptors. Using femtosecond

transient absorption spectroscopy, we examine how acceptor ratios and thermal annealing influence

photophysical processes in pristine terpolymers and their bulk heterojunction blends with PC71BM.

Increasing the TTDPP content enhances backbone planarity, π–π 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.

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.

1. Introduction

Organic solar cells (OSCs) offer a compelling renewable energy
option due to their cost-effectiveness, lightweight, flexibility,
and semi-transparency.1 Over the last two decades, substantial
advancements, especially in the development of non-fullerene
acceptors, have played a pivotal role in enhancing the
power conversion efficiency (PCE) in OSCs beyond 20%.2–8

These devices commonly employ a bulk heterojunction (BHJ)
structure, in which a blend of electron donor (D) and acceptor
(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
PCEs.9–11 However, achieving commercial viability in OSCs
requires 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.12–16

Random terpolymerization has emerged as a promising
approach to enhance the photovoltaic performance and stabi-
lity of polymer donors.11,17–19 This method involves adding a
second donor or acceptor unit, transforming the polymer from
a D–A type copolymer to configurations like D1–A–D2–A or D–
A1–D–A2 terpolymers.11,20–22 The second donor (or acceptor)
moiety affects the polymer’s optical absorption, energy levels,
and blend morphology.20 For instance, Yang et al. showed that
introducing just 5% of the donor moiety thieno[3,2-b]thio-
phene (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-ethyl-
hexyl)-4,8-dioxo-4H,8H-benzo[2-c:4,5-c′]dithiophene-1,3-diyl]]
(PBDB-T) improved the absorption coefficient and optimized
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film morphology, resulting in higher PCEs in terpolymer
donor devices based on PC71BM 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–A1–D–A2, which differed in the ratio of the two acceptors
(FTAZ and TTDPP) in the backbone (thienyl-substituted benzo-
dithiophene, BDTT) of the terpolymers.11 The FTAZ : TTDPP
ratios were 1 : 3, 1 : 1, and 3 : 1 for P1, P2, and P3, respect-
ively. The highest PCEs of these terpolymers were 5.6% in
PC71BM-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 incorporating DPP-based
polymers. This high performance obtained by tuning 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 terpolymers could be effectively broadened by increas-
ing the TTDPP concentration in their backbone (P3 < P2 <
P1), while stronger absorption 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.18 This con-
firms that rational coupling of the moieties in the terpoly-
mers could be an effective route to enhance the photocurrent
in the resultant OSCs.11,19

The promising PCE observed in the terpolymers (Table S1
of the SI) led us to further explore the thermal stability of the
terpolymers and their blends with PC71BM.15 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
random terpolymerization could be a viable approach to
achieving more stable and efficient OSCs.

While the terpolymers remained structurally stable under
thermal stress, the blend morphology exhibited time-depen-
dent evolution, as reported previously.15 Specifically, upon
thermal annealing, the terpolymers underwent inter- and
intrachain molecular rearrangement without phase segre-
gation. However, in the terpolymer : PC71BM blends, thermal
annealing induced pronounced morphological evolution,
wherein PC71BM molecules progressively dissociated from the
terpolymer matrix and formed distinct aggregates, as evi-
denced by the AFM and TEM images (Fig. S1 and S2, respect-
ively, of the SI). This aggregation disrupts the initially homo-
geneous P1–P3 : PC71BM BHJ morphology by promoting phase
separation of PC71BM 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 dissociation becomes less efficient, thereby limit-
ing the generation and transport of free charge carriers to the
electrodes and ultimately reducing the photocurrent.24,25

Therefore, upon thermal annealing, the PC71BM molecules
progressively diffused out of the terpolymer matrix and formed

sizable aggregates at the sample–air interface, consistent with
increased surface roughness as determined from the AFM
images (Fig. S1 of the SI). 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.24 Importantly, despite these morphologi-
cal changes, no clear molecular or chemical degradation of the
P1–P3 : PC71BM active 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 sensitively on nanoscale donor–acceptor
organization. Nevertheless, there are still a limited number of
studies examining the relationship 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 stability, as well as the mecha-
nisms behind these enhancements.

Here, we investigated the photophysics of P1, P2, and P3 as
pristine terpolymer films and blends with PC71BM using
steady-state absorption and ultrafast transient absorption (TA)
spectroscopy. The results reveal that P1 achieves faster intra-
molecular charge transfer (ICT), in line with more balanced
electron and hole mobility when combined with PC71BM as
reported in our previous study.11 This charge delocalization
decreases coulombic 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 performance parameters and the
PCE of OSCs.

2. Experimental methods

The molecular structures of the random terpolymers P1–P3 are
presented in Scheme 1.11 The synthesis scheme of the terpoly-
mers, including their molecular weight, structural characteriz-
ation, and optimization, has been reported in our previous
publication.11 These terpolymers adopt a D–A1–D–A2 configur-
ation, in which thienyl-substituted benzodithiophene (BDTT)
functions as the electron-donating (D) unit, while fluorobenzo-
triazole (FTAZ, A1) and thienothiophene-capped diketopyrrolo-
pyrrole (TTDPP, A2) act as the electron-accepting moieties.
Varying the relative amounts of FTAZ and TTDPP enables sys-
tematic tuning of the optical absorption and energy levels of
the resulting terpolymers.11 To investigate how these acceptor
ratios influence the optoelectronic and photophysical pro-
perties of prospective OSC active layers, 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 1. Regioregular [6,6]-phenyl-C71-butyric acid methyl
ester (PC71BM) 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 corres-
ponding P1–P3 : PC71BM bulk heterojunction (BHJ) blends
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were prepared 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
PC71BM in DCB–were then spin-coated onto the substrates at
1200 rpm for 60 seconds. The blend solutions were prepared
at a P1–P3 : PC71BM ratio of 1 : 1.5 with a total concentration of
25 mg mL−1 in DCB and were stirred at 50 °C for 3 hours to
ensure complete dissolution. To induce thermal degradation,
the thin films were thermally annealed at 85 °C for 24 hours.

The absorption spectra of the pristine terpolymers in DCB
solution and thin film were recorded using a PerkinElmer
Lambda 19 ultraviolet-visible-near infrared (UV-VIS-NIR)
spectrophotometer. All spectra were acquired at room tempera-
ture. Femtosecond 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 detection system from Ultrafast
Systems. White light was generated by focusing a fraction of
the fundamental 800 nm output onto a 2 mm CaF2 mounted
on a translating crystal holder. A 1.2 mJ fraction of the funda-
mental 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 depo-
larizer was placed in the pump beam to avoid rotational
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 multiexponential function to facilitate multi-wave-
length analysis and understanding of the dynamics observed.

Scheme 1 Molecular structure of the terpolymers P1–P3, highlighting their structural building blocks.
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3. Results and discussion
3.1. Steady-state spectroscopy

The steady-state absorption and emission spectra of the pris-
tine terpolymers in thin film and solution are presented in
Fig. 1(a)–(c). The absorption spectra of the pristine terpolymer
films display three main bands, with the first band between
350 and 450 nm attributed to terpolymer backbone π–π* tran-
sitions and intramolecular charge transfer (ICT) from the
donor, BDTT, to the two acceptors, FTAZ and TTDPP, as shown
in Fig. 1(a–c). This multiband profile is a common feature of
alternating co-/terpolymers.26 All terpolymers also demon-
strated broad absorption in DCB solution, with central absorp-
tion peaks (A0–0) occurring at approximately 748 nm for P1,
737 nm for P2, and 733 nm for P3 (see Fig. 1(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
π–π conjugation, and facilitates efficient ICT.27–29

Upon 600 nm photoexcitation in DCB solution, all three ter-
polymers, P1–P3 exhibited multiple fluorescence bands.
Comparison of the absorption 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 terpolymers, two ICT states are estab-
lished at the different D–A interfaces. The emission profile can
thus be divided into regions below 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. 1(a–c). Compared to their solution states, the pristine
P1 film displayed a redshift of about 13 nm, while P2- and P3-
based films exhibited smaller red shifts 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.30–32

We used PC71BM as the acceptor polymer to explore the
differences in the photophysical processes among the three
donor materials within the BHJ (Fig. 1(d)). Compared to the
blend films of P2 and P3, the P1 blend exhibited a greater
solar utilization efficiency, leading to a wider photo-to-current
response range and higher short-circuit current density ( Jsc) as
reported in our previous study11 (see Table S1 of the SI) The
weak non-covalent intermolecular interactions present in P3
restricted the charge delocalization hopping distance, thereby
increasing the likelihood of charge recombination. Conversely,
P1 displayed a pronounced absorption peak (A0–0), indicative
of strong π–π 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 intermolecular interactions, extended π-conjugation

Fig. 1 Absorption (a–d) and photoluminescence (a–c) spectra of (a–c) pristine terpolymers in solution and film and (d) terpolymer : PC71BM thin
films.
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and minimized overaggregation, as reflected in the lower RMS
roughness of the P1 blend films.15 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 energy and limiting charge
recombination. Importantly, the extended charge delocaliza-
tion facilitates the reduction of the energy barrier for separ-
ating interfacial charge transfer (CT) states into free charges,
effectively decreasing energy loss.33

3.2. Transient absorption spectroscopy of pristine
terpolymers

The influence of varying acceptor concentrations on ultrafast
charge dynamics was investigated using TA spectroscopy.
Fig. 2 and Fig. S3 of the SI show the TA spectra for pristine P1,
P2, and P3 thin films excited at 600 nm. The spectra of all
three terpolymers reveal a broad negative differential absorp-
tion band from around 450 nm to about 750 nm. This negative
band is attributed to ground state bleaching (GSB) arising
from the depletion of the ground state, as this wavelength
range aligns closely with the steady-state absorption profiles of

the terpolymers. 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. S3 of the SI). These transient
spectral variations are characteristic indicators of ICT.28,29,34,35

Therefore, the negative signal peaking at 740 nm can be linked
to the stimulated emission of the intermolecular charge trans-
fer (ICT) state while the positive signal at around 1140 nm can
be associated with excited 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, indicat-
ing that recombination in excited 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
efficient exciton-to-ICT conversion (within 1.3 ps) compared to

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 μJ per pulse per cm2. TA traces
probed at different wavelengths from the pristine (c) P1 (f ) P2 and (i) P3 films pumped at 600 nm.
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P2 (2.1 ps) and P3 (3.9 ps). In contrast, the P2 film shows
similar spectral signatures but with weaker ICT formation and
slower dynamics, indicating reduced efficiency of charge trans-
fer pathways in this composition. The P3 film exhibits an
additional ESA feature around 650 nm, which is absent in P1
and P2. The presence 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 influ-
ences these differences, we next examined the TA response
under low-energy photon excitation. Fig. 3 and Fig. S4 of the SI
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 pris-
tine P1 terpolymer. Among the three terpolymers, a more
rapid ICT process was noted with the highest content of
TTDPP in P1 (see Fig. 3(c)), while the material with the highest
FTAZ ratio, P3, exhibited a slower ICT process due to its
weaker electron-accepting properties (see Fig. 3(i)).

Therefore, in Fig. 2, it is observed that under high-energy
photoexcitation, the excited state of P1 (see Fig. 2(c)) tran-
sitions to the ICT state more rapidly than that of P2 (see
Fig. 2(f )) and P3 (see Fig. 2(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 kinetic results for pristine P1 film fol-
lowing high-energy excitation, where a decrease in the signal
at 560 nm coincides with an increase at 740 and 1140 nm with
a lifetime of about 1.3 ps. Fig. 2(f and i) present the results for
P2 and P3 under high-energy excitation, demonstrating a con-
tinued slow ICT process with a lifetime of 2.1 ps and 3.9 ps in
P2 and P3 respectively. Fig. 3(c, f, and i) depict the kinetics
results under low-energy excitation, where the ICT is directly
excited by low-energy photons, leading to a rapid generation of
the signal in P1, which then decays without a transfer process.
In summary, while all three terpolymers display characteristic
LE and ICT features with ultrafast 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 exam-
ined the ultrafast charge dynamics of the pristine terpolymers
in solution. We therefore investigated the ultrafast charge
dynamics of pristine terpolymers dissolved in DCB solution
using 600 nm excitation, with the findings presented in Fig. S5
and S6 of the SI. This comparison between solution and film
measurements provides a baseline to disentangle intrinsic

Fig. 3 TA spectra of as-cast pristine (a and b) P1 (d and e) P2, and (g and h) P3 thin films excited at 800 nm at 1.0 μJ per pulse per cm2 and probed
in the visible region. TA traces probed at different wavelengths from the pristine (c) P1 (f ) P2 and (i) P3 films pumped at 800 nm.
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molecular dynamics from morphology-driven effects in solid-
state films, thus serving as a reference for both pristine terpo-
lymer films and terpolymer : PC71BM blend films. In the case
of P3 in solution, similar to the pristine film, a negative signal
is initially observed around 600 nm, followed by a slower nega-
tive 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 spectral changes provide evidence of the ICT
process.28,29,34–36 Thus, 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 pro-
motes electrons to the ICT state. The ICT state can be con-
sidered 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
pristine 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. S7 of the SI display
the TA spectra of pristine terpolymer films that have been ther-
mally annealed at 85 °C for 24 h. When connected to the as-
cast results, this comparison reveals the impact of morphologi-
cal evolution induced by thermal stress. Specifically, when
compared to the TA data from the as-cast films, the overall TA
signal for the GSB of the P1–P3 terpolymers is markedly
diminished after thermal annealing, suggesting reduced
exciton generation. While the TA spectra of both the as-cast
and annealed pristine terpolymer films exhibit comparable
ESA features, the annealed films show a slight spectral blue

shift and a slower decay in ESA intensity. Among the three ter-
polymers, P1 retains relatively stronger ICT signatures after
annealing, consistent with its more robust charge-transfer
dynamics, whereas P2 and especially P3 show more pro-
nounced loss of ICT intensity and slower decay, reflecting their
higher tendency toward exciton recombination.

The thermal annealing results thus highlight how morpho-
logical evolution alters exciton generation and recombination
and ESA decay, particularly 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 intramolecular or internal charge
transfer (ICT) and charge-separated (CS) states.37,38 The kine-
tics of these states typically show a slow rise, significant ESA
intensity at extended time delays (greater than 1 ns), and pre-
dominantly slow decay during shorter time delays. Fig. S8 of
the SI 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 occurs within a few hundred
femtoseconds following excitation, and the ESA signal nearly
disappears after 500 ps. These characteristics differ signifi-
cantly from those associated with charge-related states,
suggesting that the ESA band around 1140 nm primarily
corresponds to singlet excitons. At high excitation intensities,
singlet exciton–exciton annihilation (EEA) can enhance the
recombination of excitons due to a bimolecular reaction.39–41

However, this effect is minimal in both the as-cast and
degraded films, as the decay of the 1140 nm ESA remains con-
sistent across different pump intensities. Consequently, as
confirmed by pump fluence-dependent studies (Fig. S8 and S9
of the SI), 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 spectroscopy of
terpolymer : PC71BM thin films

The relaxation dynamics of the excited state in
terpolymer : PC71BM blend films were examined through TA
spectroscopy. Fig. 6 and Fig. S10 and S11 of the SI display the
TA spectra of these blend films following the selective exci-
tation of the donor terpolymers at 600 nm. Here, excitons are
primarily generated within the donor domains of the BHJ
films. In Fig. 6(a and b), the GSB at about 750 nm in the TA
spectrum of the P1 : PC71BM blend film is attributed to the
GSB of the P1 donor terpolymer. In contrast, the TA spectra for
the P2 : PC71BM (Fig. 6(c and d)) and P3 : PC71BM (Fig. 6(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. S3 of the SI. Each of the three blend
films contains positive peaks at approximately 950, 1140, and
1300 nm, with P1 : PC71BM having an extra ESA peak at around
525 nm. The kinetics of the ESA signal at 1140 nm coincides
with that of the GSB signals and is associated with the absorp-

Fig. 4 Dynamics of photoinduced processes in the pristine terpoly-
mers. High-energy excitation promotes electrons to the LE state before
relaxation to the ICT state, while low-energy excitation directly popu-
lates the ICT state. The ICT state can be considered as a delocalized
electronic state that facilitates exciton dissociation at the donor–accep-
tor interface.
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tion 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 : PC71BM, peaking around 525 nm, can be assigned to the
absorption of the charge separated state.42 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
PC71BM acceptor polaron43 (as illustrated in Fig. S12 of the SI).

These observations under high-energy excitation highlight
the presence of both donor- and acceptor-related spectral sig-
natures in the blend films, with distinct ESA contributions
that reflect efficient charge generation and separation. To
further probe the excitation-wavelength dependence of these
dynamics, low-energy photoexcitation was employed. As illus-
trated in Fig. 7 and Fig. S10 and S13 of the SI, low-energy
photons primarily excite the ICT band of the
terpolymer : PC71BM 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 capability.
Specifically, a slightly enhanced ESA signal appears at around
525 nm, near the absorption band of PC71BM in the
P1 : PC71BM blend film, resulting from a more efficient electron
transfer from the donor terpolymer P1 to the acceptor PC71BM.
These results therefore emphasize how terpolymer composition
and excitation energy jointly govern ICT dynamics, highlighting
distinct mechanistic pathways in pristine versus blended films.

Thus, as depicted in Fig. 6, under high-energy photo-
excitation, the transition of P1 to the ICT state occurs more
rapidly than for P2 and P3. Compared to the pristine terpoly-
mer films, the GSB and ESA signals in the as-cast
terpolymer : PC71BM blend films display a longer-lasting kine-
tics since the excitons within the active layers separate into
electrons and holes in distinct phases, leading to the for-
mation of loosely bound or completely separated species.44,45

A similar long-lived TA species has been reported in other BHJ
films and has been attributed to radical cation or anion

Fig. 5 TA spectra of pristine (a and b) P1 (d and e) P2, and (g and h) P3 thin films thermally degraded for 24 h and pumped at 600 nm at 1.0 μJ per
pulse per cm2. TA traces probed at different wavelengths from the pristine (c) P1 (f ) P2 and (i) P3 films thermally degraded for 24 h and pumped at
600 nm.
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species resulting from electrochemical oxidation.46,47 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 pris-
tine terpolymer films but present in the terpolymer : PC71BM
blend films.

These findings confirm that high-energy excitation in the
blends not only facilitates faster ICT formation in P1 com-
pared to P2 and P3, but also promotes the generation of long-
lived charge-separated species, as reflected in the extended
GSB and ESA dynamics and the emergence of the 1300 nm
ESA band. Having established the distinct photophysical be-

Fig. 6 TA spectra of as-cast (a and b) P1 : PC71BM (c and d) P2 : PC71BM and (e and f) P3 : PC71BM blend films pumped at 600 nm at 0.5 μJ per pulse
per cm2.

Fig. 7 TA spectra of as-cast (a and b) P1 : PC71BM (c and d) P2 : PC71BM and (e and f) P3 : PC71BM blend films pumped at 800 nm at 1.0 μJ per pulse
per cm2 and probed in the visible region.
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havior of the as-cast blends, it is equally important to assess
how thermal stress influences these charge dynamics. Thermal
annealing is particularly relevant for OSC stability, as it can
induce morphology changes that directly affect the recombina-
tion of CT states and the efficiency of long-lived charge separ-
ation. Accordingly, Fig. 8 and Fig. S10 and S14 of the SI show
the TA spectra from terpolymer : PC71BM 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 exciton generation, 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 con-
sider how the excitation conditions affect charge dynamics.
Specifically, in polymer : fullerene and polymer : polymer
blends, high pump fluence levels can trigger bimolecular reac-
tions that increase the decay rate at early times. Within BHJ
blends, bimolecular recombination occurs through exciton–
exciton annihilation (EEA) and exciton-charge annihilation
(ECA), with ECA generally being more significant than EEA.
ECA is primarily influenced by the movement of charge car-
riers, while EEA is reliant on the movement of singlet
excitons.41,48–50 As illustrated in Fig. S15 of the SI, the
dynamics of photoinduced absorption at 1140 nm for all BHJ
blends show fluence dependence, indicating that bimolecular
processes such as non-geminate recombination prevail at high
pump fluences. The decay profiles of P2 : PC71BM and
P3 : PC71BM exhibit a smaller fraction of long-lived separated
charge carriers (see Table S2 of the SI), which implies that

charge carrier diffusion in these blends is less efficient com-
pared to the P1 : PC71BM blend film, where diffusion-limited
exciton dissociation plays a minor role. At later time intervals,
charges become easily identifiable due to the appearance of
charge-induced absorption, a behavior that has been docu-
mented in other material systems, such as P3HT : PCBM and
Si-PCPDTBT : PCBM.51,52

Over a timescale of several picoseconds, both as-cast and
thermally-annealed terpolymer : PC71BM thin films showed a
decrease in the ESA signal intensity at 1140 nm and an
increase at 950 nm (see Fig. 6 and 8). We attribute the ESA
near 1140 nm to exciton-induced absorption, drawing from its
similarity to the ESA observed in the pristine terpolymer films
(see Fig. 2), while the ESA at 950 nm is proposed to be linked
to charge-induced absorption. This shift suggests that a
portion of terpolymer excitons is converted to charge carriers
through diffusion-limited exciton dissociation. The assign-
ment of the CT state is further supported by excitation fluence-
dependent measurements. The decay dynamics monitored at
950 nm (Fig. S16) and 1140 nm (Fig. S15) exhibit a significant
dependence on fluence, indicating bimolecular recombination
of free polarons in the CS state. This behavior signifies that
charge separation is evident as a second-phase spectral trans-
fer in the terpolymer : PC71BM blend films.

Examining the GSB dynamics of the as-cast and thermally
annealed blend samples (Fig. S17), 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 un-
likely to contribute significantly to photocurrent since they do

Fig. 8 TA spectra of (a and b) P1 : PC71BM (c and d) P2 : PC71BM and (e and f) P3 : PC71BM blend films thermally degraded for 24 h and pumped at
600 nm at 0.5 μJ per pulse per cm2.
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not fully separate and recombine rapidly. This observation
helps explain the lower EQE in P2 and P3-based devices11 com-
pared to those based on P1; the P2 : PC71BM and P3 : PC71BM
blends likely experience less efficient charge generation and/or
greater losses from geminate recombination.

The observed fluence-independent decay and the preva-
lence 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 separation efficiencies, we analyzed the
ESA around 1140 nm using a multi-exponential fitting

approach. The multi-exponential function I ¼ A1e
�t
τ1 þ A2e

�t
τ2 þ

A3e
�t
τ3 was employed to fit the exciton lifetime of the ESA

around 1140 nm, where τ1, τ2, and τ3 represent the early-time
relaxation of non-equilibrated excitons, the effective exciton
lifetime after initial relaxation (which includes diffusion-
limited quenching at interfaces before dissociation), and the
lifetime of long-lived separated charge carriers, respectively.
Fitting the lifetime at 1140 nm alongside other selected wave-
length traces (Fig. S18 of the SI) provided time constants along
with their corresponding amplitudes as shown in Table S2,
which reveal that exciton diffusion in P2 : PC71BM (τ2 =
70.71 ps) and P3 : PC71BM (τ2 = 92.42 ps) is more efficient than
in P1 : PC71BM (τ2 = 278.60 ps) BHJs. This indicates that follow-
ing photoexcitation, excitons in the terpolymer donor form
quickly within the donor domains, then migrate promptly to
the electron 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 recombination at the electron D/A interface. The
slow recombination at the CT state in the P1 : PC71BM active
layer could contribute to enhancing 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 : PC71BM films shows a fluence-independent be-
havior (see Fig. S15 and S16), similar to observations in other
BHJ OSC active layers.45,53 This characteristic suggests that
neither ECA nor EEA impacts the formation of the initial CT
state.

These results correspond with observations in
terpolymer : PC71BM-based solar cells, where electron mobility
was found to be lower than hole mobility, with P3-based active
layers displaying the lowest electron mobility (Table S1 of the
SI).11 The rapid sub-10 ps relaxation of hot excitons and sub-
stantial proportion of long-lived separated charge carriers
correspond with the improved device performance of the
P1 : PC71BM-based devices. However, after thermal annealing,
all three blend films showed a marked reduction in long-lived
separated charge carriers due to fullerene acceptor aggrega-
tion, which diminished phase separation. In our previous
report,15 P1-based active layers exhibited reduced crystallinity,
while P2- and P3-based active layers showed more stable mor-
phologies after 24 hours of thermal degradation. Generally,
reduced crystallinity leads to finer phase mixing, increasing

the D/A interfacial area while suppressing large-scale phase
separation, suggesting that integrating TTDPP in the terpoly-
mers accelerates exciton dissociation and enhances exciton
diffusion to the D/A interface, reducing recombination likeli-
hood and improving FF. This result is supported by the rela-
tively faster exciton diffusion time in the thermally annealed
blend films, indicating faster exciton diffusion in the pure ter-
polymer phases after thermal annealing. However, aggregation
of the fullerene acceptor after thermal annealing limits exciton
separation at the electron D/A interface. These findings there-
fore suggest faster electron transfer at P1 : PC71BM interfaces
than at P2 : PC71BM and P3 : PC71BM interfaces. Additionally,
P1 : PC71BM blends exhibited smaller domain sizes than
P2 : PC71BM and P3 : PC71BM blends, even after thermal degra-
dation as evident in the AFM (Fig. S1) and TEM (Fig. S2) ana-
lysis reported previously,15 enabling effective exciton dis-
sociation at D/A interfaces.

Based on the above analysis, the charge carrier kinetics in
the BHJ can be simplified as shown in Fig. S19 of the SI. When
photons are absorbed, excitons are generated within the terpo-
lymer donor regions in the BHJ films. These photogenerated
excitons migrate toward the terpolymer : PC71BM (D/A) inter-
faces, 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 electrons and
holes move towards opposite electrode terminals, resulting in
photocurrent generation. For the P1 : PC71BM blend, higher
electron mobility enables efficient conversion, leading to an
overall higher efficiency. However, for P2 : PC71BM and
P3 : PC71BM, the slower ICT process in the P2 and P3 terpoly-
mers reduces electron mobility. This causes charge accumu-
lation near the interface, enhancing recombination losses and
thereby lowering the PCE.

4. Conclusions

In summary, we systematically investigated three DPP-based
terpolymers, characterized by differences in the ratios of the
two acceptors, FTAZ and TTDPP, and their impact on charge
carrier dynamics in both pristine terpolymer films and
terpolymer : PC71BM blend films. The P1 terpolymer, with the
highest TTDPP content, adopted a more planar molecular
backbone, enhancing π–π stacking and non-covalent inter-
molecular interactions, which together facilitated extended
π-conjugation and reduced over-aggregation. These structural
features led to a redshifted absorption into the near-infrared
region and promoted efficient intramolecular charge transfer,
as confirmed by femtosecond transient absorption spec-
troscopy. The improved π-charge delocalization and balanced
carrier mobilities in P1 translated into superior photovoltaic
performance compared to P2 and P3, as reported in our pre-
vious publication.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 : PC71BM donor–acceptor interfaces, where they
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either dissociate into free charge carriers or recombine
through radiative or non-radiative pathways. Successful exciton
dissociation produces electrons and holes that migrate toward
opposite electrodes, thereby generating photocurrent. In the
P1 : PC71BM 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 interfacial
recombination. This reduced charge transport efficiency ulti-
mately 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 mole-
cular design, nanoscale morphology, and charge transport.
Collectively, these results demonstrate that rational tuning of
acceptor ratios in DPP-based terpolymers enables precise control
over photophysical processes and morphological stability, provid-
ing a viable pathway toward optimizing both efficiency and stabi-
lity in OSCs.
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