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ABSTRACT: Organic photovoltaic (OPV) devices attain high performance with
nonfullerene acceptors by utilizing the synergistic dual channels of charge generation
that originate from excitations in both the donor and acceptor materials. However, the
specific intermediate states that facilitate both channels are subject to debate. To
address this issue, we employ time-resolved terahertz spectroscopy with improved
sensitivity (ΔE/E < 10−6), enabling direct probing of charge generation dynamics in a
prototypical PM6:Y6 bulk heterojunction system under one-sun-equivalent excitation
density. Charge generation arising from donor excitations is characterized with a rise
time of ∼9 ps, while that from acceptor excitations shows a rise time of ∼18 ps.
Temperature-dependent measurements further reveal notably distinct activation
energies for these two charge generation pathways. Additionally, the two channels of
charge generation can be substantially manipulated by altering the ratio of bulk to
interfaces. These findings strongly suggest the presence of two distinct intermediate states: interfacial and intramoiety excitations.
These states are crucial in mediating the transfer of electrons and holes, driving charge generation within OPV devices.

■ INTRODUCTION
In organic photovoltaic (OPV) devices, the initial stage of
photocurrent generation occurs in the active layer of the blend
of electron donor (D) and acceptor (A) materials.1,2 The
charge-transfer (CT) electronic states at the D−A interfaces
have been regarded as the key intermediates for charge
generation in conventional systems of polymer−fullerene D−A
blends.2−4 A large portion of excitons generated in the polymer
donor diffuse to the interfaces, form the CT states via electron
transfer, and dissociate into free charges. The necessity of
interfacial CT states has been under debate in the emergent
systems with low-bandgap nonfullerene acceptors (NFAs) of
Y-series where efficient charge separation is maintained with
small interfacial energy loss.5−17 Electronic interactions among
these molecules configurated in A-DA’D-A structures may
dramatically change the energy landscapes of intramoiety and
interfacial excited states regulating the charge generation
dynamics.18,19 For excitations in acceptor domains, weakly
bound electron−hole pairs with CT characters may be created
in the neat films of NFAs, acting as the intermediates for
charge separation in the D−A blends through hole transfer
without forming CT states.10,11 Moreover, strong charge
polarization effect may further reduce the exciton binding
energy,12 resulting in the free charge generation in the neat
NFA film, renewing the possibility of efficient single-
component OPV devices.13 While electron transfer mediated
by the CT states at the D−A interfaces have been commonly

adopted in describing the charge generation from excitations in
donor domains in literatures, the energy of CT states in
polymer/NFA blends may be significantly increased by band
bending induced by collective effect of acceptors’ quadrupole
moments near interfaces.7,14,15 It is argued that D-to-A energy
transfer preceding the hole transfer process rather than
electron transfer process is responsible for charge separation
from excitations in donors.15,16

The configurations of the intermediates responsible for
charge separation are vital for guiding engineering molecule
structures and device architectures toward performance
optimization. The debate on this issue is partially caused by
the limitation of the optical and electrical methods being
adopted to study the dynamics of the key intermediate states in
OPV blends.3,7,15,20−25 The commonly used transient
absorption spectroscopy (TAS) with the optical probe holds
the merit of ultrafast temporal resolution, but the overlap
between the spectral characters of interfacial CT states and free
charges makes it difficult to fully clarify the exact nature of the
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intermediate states by TAS.11,21,22 Electrical methods may
selectively probe the free charges induced by photon
excitations.7,26 Nevertheless, the limited temporal resolution
is insufficient to distinguish the onset of free charge generation
on picosecond time scales. Preserving the advantages of optical
and electrical methods, the time-resolved terahertz spectros-
copy (TRTS) with sensitivity to free charges with subpico-
second temporal resolution has been established as a powerful
tool to characterize the charge carrier dynamics in organic and
inorganic semiconductors.27−37 However, due to low carrier
mobilities in OPV materials, terahertz (THz) dynamics of
OPV blends are often acquired under relatively large pump
fluences (typically >10 μJ/cm2)38−44 far beyond the excitation
density in a working device under one-sun illumination
condition.7 Therefore, the recorded charge dynamics are
assuredly modulated by many-body interactions such as
exciton−exciton annihilation45 and bimolecular charge re-
combination,46−48 which are found to be especially important
in polymer/NFAs OPV blends.
To tackle the above challenges, we improve the sensitivity of

TRTS (ΔE/E) to the level of 10−6 using a Yb:KGW laser with
a high repetition rate, which enables us to characterize the
charge generation dynamics under weak pump with excitation
density equivalent to one-sun illumination (∼0.2 μJ/cm2). In
the model system of bulk heterojunction (BHJ) of PM6:Y6, we
have identified the pathways of charge generation dynamics by
selectively exciting the polymer donor and the small molecule
acceptor, respectively. The charge generation rates for the two
channels are different, and the temperature-dependent
measurements reveal distinct thermal activation energies,
indicating that two different intermediates are involved in
the charge generation processes. Additionally, modifying the
ratio between bulk and interfaces in the micromorphologies of

as-cast BHJs and planar heterojunctions (PHJs) can sub-
stantially affect these channels, as evidenced by a combined
study using atom force microscopy (AFM) and TRTS. The
experimental data corroborate a dual-channel model for charge
separation: electron transfer is mediated by interfacial CT
states, and hole transfer occurs through intramoiety delocalized
states. These findings underscore the importance of engineer-
ing molecule packing to reduce losses in intramoiety and
interfacial channels, which is essential for enhancing device
performance.

■ MATERIALS AND METHODS
Time-Resolved Terahertz Spectroscopy. In this study, the laser

source employed was a commercial Yb:KGW regenerative amplifier
(Pharos, Light Conversion), which produced a pulse train at 1030 nm
with a duration of 290 fs and repetition rate up to 50 kHz (Figure 1a).
THz radiation was generated by focusing a beam with an energy of 20
μJ/pulse with a spot diameter of ∼500 μm through optical
rectification in a 1 mm thick GaP (110) nonlinear crystal. Detection
of THz radiation was achieved through electro-optic sampling in
another GaP (110) nonlinear crystal, utilizing a focused beam with an
energy of 450 nJ/pulse. A collimated beam (130 μJ/pulse) was
employed to generate the tunable pump beam through a homemade
two-stage optical parametric amplifier (OPA). The pump modulation
at half of the repetition rate was accomplished by employing an
electro-optic modulator (EO-AM-NR-C2, Thorlabs) to modulate the
supercontinuum generation within the OPA setup (Figure 1a, Figure
S1). The pump and THz probe beams are aligned collinearly onto the
sample, with beam diameters of ∼4 and ∼1.5 mm, respectively.
Extraction of the THz signal was carried out using a lock-in
amplification technique, employing a time constant of 1 s. Sample
temperatures ranging from 250 to 350 K were precisely regulated
using thermoelectric cooling chips in combination with heating
elements. For nanosecond-resolved TRTS, the pump beam was
replaced by a Q-switched Nd:YVO4 laser (Picolo AOT MOPA,

Figure 1. TRTS with improved sensitivity. (a) Schematic diagram of TRTS setup based on a Yb:YGW laser with a high repetition rate. OPM: off-
axis parabolic mirror; QWP: quarter-wave plate; PBS: polarization beam splitter. (b) THz dynamics of the standard sample (silicon wafer) detected
at 1 kHz and 50 kHz repetition rates. (c) Noises of the setup evaluated by STD (ΔE/E) measured at different repetition rates and averaging times.
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InnoLas Laser), and synchronized by a digital delay generator
(DG645, Stanford Research Systems). All measurements were
conducted in a nitrogen-purged environment.

Sample Preparation. In the conducted experiments, two polymer
donors, PM6 and PTQ8, were employe with a NFA known as Y6
(Figure S2).5,8 PM6 is a medium bandgap polymer based on the
benzodithiophene-alt-benzo[1,2-b:4,5-c′]dithiophene-4,8-dione back-
bone. PTQ8 is a derivative of poly(thiophene-quinoxaline) with two
fluorine substituents attached to its thiophene D-unit. The small-
molecule NFA, Y6, incorporates an electron-deficient, centrally fused
conjugated ring (dithienthiophen[3.2-b]-pyrrolobenzothiadiazole)
flanked with 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)-
malononitrile end-capping units. PM6 and Y6 were procured from
Solarmer Materials Inc., while PTQ8 was synthesized following a
previously reported protocol.8 BHJ blend samples of PM6:Y6 and
PTQ8:Y6 were prepared with a donor to acceptor mass ratio of 1:1.2,
at a total concentration of 20 mg/mL in chloroform (CF). The BHJ

layer was processed by spin-coating onto a 1 mm-thick fused silica
substrate from its solution. PHJ blend samples of PM6/Y6 were
prepared using a two-step process with orthogonal solvents.49 PM6
and Y6 were dissolved in CF and tetrahydrofuran (THF) solvents,
respectively, at a concentration of 10 mg/mL each. First, the PM6
layer was spin-coated onto a substrate from its solution. Subsequently,
the Y6 layer was spin-coated onto the PM6 layer from its solution.
Additionally, a neat film of Y6 was spin-coated from its CF solution.
Except for the as-cast BHJ, all film samples underwent annealing
under an argon atmosphere at 110 °C for a duration of 10 min. The
morphologies of the film samples were checked by AFM (NX10, Park
systems).

■ RESULTS
A high sensitivity of TRTS system is crucial for capturing the
weak THz response of free charges in OPV samples. TRTS
characterizes the change in the transmitted THz electric field

Figure 2. THz response of the blend film of PM6:Y6. (a) THz transmission waveform (E) and the photomodulation of the THz transmission
waveform (ΔE) of a PM6:Y6 film probed at pump-delay of 100 ps. (b) Complex photoconductivity spectra of the PM6:Y6 blend film at 100 ps.
The solid lines are the fitting curves through the Drude−Smith model. (c) Pump-fluence dependent THz dynamics of the PM6:Y6 blend film. (d)
Normalized pump-fluence dependent dynamics of the PM6:Y6 blend film. (e) Amplitude of THz response of PM6:Y6 probed at 100 ps delay at
different pump-fluence. (f) Pump-fluence dependent delay time (τmax) when the THz responses reach their maximum.
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(ΔE) induced by the pump with respect to the THz field
(E).27,44 The value of ΔE/E is directly proportional to the
variation of photoconductivity (Δσ), which, in turn, is related
to the photoinduced charge density (Δn) and charge mobility
(μ) (−ΔE/E ∝Δσ ∝ Δnμ).27,50 Consequently, the accuracy of
measuring ΔE primarily establishes the lower limit for
evaluating Δσ.
In principle, this error can be reduced by a factor of N1/2 by

averaging N measurements. Nevertheless, simply increasing the
sampling size (N) with the commonly used 1 kHz system is
impractical due to time constraints, especially when character-
izing the response under one-sun illumination. For the step-
scan averaging approach to capture the THz spectrum at a
specific time delay,51 the high repetition system can also
significantly improve the efficiency of noise reduction.
To enhance sensitivity, we have adopted a laser system of

Yb:KGW amplifier with a high repetition rate up to 50 kHz for
THz generation and detection using GaP crystals (Figure
1a).52 THz generation with GaP crystals at 1030 nm is
advantageous due to reduced group velocity mismatch
between 1030 nm and THz wavelengths in the GaP crystal.
In compared to 800 nm, the damage threshold of GaP crystal is
higher at 1030 nm, benefiting from lower excess energy for
two-photon absorption. The amplitude of THz field using GaP
crystals at 1030 nm is comparable to that generated with a
Ti:sapphire laser at 800 nm using ZnTe crystals. A higher
repetition rate significantly reduces the measurement time and
allows for the use of high modulation frequencies in lock-in
detection to suppress noise effectively. Furthermore, the
increased value of E captured by lock-in detection with the
higher repetition rate can substantially reduce the error in
evaluating ΔE/E since the electric component contributes
significantly to the measurement error. These advantages lead
to a substantial improvement in detection sensitivity, as
confirmed by measuring the transient photoconductivity on a
silicon wafer (Figure 1b).
We quantify the noise level in the setup by measuring the

standard deviation (STD) of ΔE/E without the optical pump
(Figure 1c). The experiments were conducted with modulation
frequencies at half of the laser repetition rates, using the
electro-optical modulator integrated in the home-built optical
parametric amplifier (details in the Supporting Information
(SI), Figure S1). As depicted in Figure 1c, the noise level is
reduced by a factor of N1/2 with increasing the sampling size N.

Increasing the repetition rate is more efficient in reducing
noise, with the STD decreasing by a factor of ∼20 when the
repetition rate is increased from 1 to 50 kHz. This enables the
sensitivity of TRTS to reach levels better than 10−6, enabling
the capture of weak signals.
Figure 2 shows the THz response in a blend film of PM6:Y6

upon pump at 800 nm. In principle, the THz response may be
contributed by motion of mobile charges and exciton
polarizability.40,53 The photoinduced spectral change can be
well produced by the Drude−Smith model for mobile charges
(Figure 2a,b, SI).27 The temporal traces probed at the peak
and zero-crossing point of THz waveform are nearly the same
(Figure S3). In addition, the waveforms of the photoinduced
THz response are independent of the delay time within the
time window of ∼1 ns (Figure S3). These results suggest that
the THz response is mainly caused by the motion of mobile
charges induced by the absorbed light.44 The temporal traces
of THz response represent the dynamics of free charges
generated in the blend film.
The dynamics of THz response is strongly dependent on the

excitation density (Figure 2c). With increasing the pump
fluence, the recombination becomes more faster owing to
many-body effects including the bimolecular process. For high
pump fluence >10 μJ/cm2, the THz dynamics shows a decay
following the onset of THz response on the time scale
comparable to the instrumental response (Figure 2c,d), which
is consistent with the literature results on polymer/fullerene
blends.40,54 Benefiting from the improved sensitivity of TRTS,
we can probe the dynamics of THz response of the OPV blend
film under weak pump. Apparently, a delay rise becomes more
predominant in the dynamics trace when excitation density
decreases (Figure 2c,d). The observed delay rise under weak
excitation represents the intrinsic dynamics of charge
generation upon optical excitation. Figure 2e,f plots the
excitation fluence-dependent signal amplitudes at 100 ps and
time delays when the signals reach a maximum value (τmax).
The THz amplitudes are nearly linear dependent on the pump
fluence in the range <2 μJ/cm2 where the values of τmax keep
nearly unchanged, implying that it is necessary to keep the
excitation fluence on the scale of ∼2 μJ/cm2 or weaker for a
quantitative analysis of the charge generation dynamics. Similar
fluence-dependent THz dynamics are also observed under
donor excitation at 630 nm (Figure S4), while charge

Figure 3. Charge generation and recombination dynamics under one-sun-equivalent excitation. (a) Normalized THz dynamics for the PM6:Y6
blend excited at 630 and 800 nm, respectively, with pump fluence of ∼0.2 μJ/cm2 with subpicosecond resolution. (b) Ns-resolved THz dynamics
on the long-time scale show the recombination dynamics with similar excitation density. The data were recorded by synchronizing a ns laser at 532
nm with the THz probe (Figure S6).
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generation on a sub-100 ps temporal scale remains largely
unaffected with excitation below 2 μJ/cm2 (Figure S5).
For one-sun illumination, the excitation density is ∼3 × 1022

m−3 in a typical device with an active layer of PM6:Y6 blend,7

corresponding to the excitation fluence of ∼0.2 μJ/cm2 for
pulse pump (see SI for details). To characterize the charge
generation dynamics at operational excitation density, we
acquire the temporal traces of THz response with selective
excitation of the polymer donor PM6 and the small molecule
acceptor Y6 at 630 and 800 nm, respectively (Figure 3a). To
achieve a similar signal-to-noise ratio using the conventional 1
kHz THz system, it is necessary to significantly increase the
excitation density or extend the averaging time. For both donor
and acceptor excitations, the rising edges of THz signals
consist of two main components: a small, sudden rise
occurring within the temporal scale of instrumental response,
and a significant delay-rise component taking place within 100
ps. The delay rise components can be safely assigned to charge
separation from the photoinduced excitons in polymer donors
or small molecule acceptors. The recombination dynamics of
charge carriers in a later temporal window are characterized by
nanosecond-resolved TRTS (Figure 3b and Figure S6). The
excitation density dependency of THz dynamics is consistent
with the bimolecular recombination of free charges.48 The
decay lifetime of free charges was estimated to be around 2.5
μs upon weak excitation density equivalent to one sun
illumination (see SI for details).
Notably, the kinetic of charge separation is much faster from

excitations in polymer donors than excitations in small

molecule acceptors. By exponential fitting, the extracted rise
time of charge generation (τcs) are ∼9 and ∼18 ps for the two
different processes, respectively. In principle, the accelerated
charge generation dynamics may be affected by the excess
energy at 630 nm excitation.55,56 However, this effect can be
ruled out by the same THz dynamics measured at different
pump wavelengths when only the acceptor Y6 can be excited
(Figure S7). Furthermore, it is unlikely that the primary cause
of the observed differences in kinetics between the two
pathways is the exciton transport in different phases of PM6
and Y6. This is due to the extensive exciton diffusion lengths in
NFAs as reported in literatures.57−59 This assessment is further
supported by the similar THz dynamics observed in blends
with varying D:A ratios (Figure S8). The significant disparity
in the signal rise time implies that different intermediate states
may be involved in charge generation from excitations in
donors and acceptors, which is consistent with the different
spectra of the intermediate states as characterized by TAS
(Figure S9).
We perform temperature-dependent TRTS measurements

toward more in-depth understanding of charge separation
channels from excitations in donors and acceptors. The
recorded THz dynamics upon selectively exciting the acceptor
or donor at different temperatures are shown in Figure 4a,b,
respectively. For both channels, THz signals increase
significantly faster in conjunction with larger signal amplitudes
at higher temperatures (Figure 4a,b), implying that thermal
activation plays a pivotal role in facilitating charge separation.21

The temperature dependence shows markedly difference

Figure 4. Temperature dependence of charge generation dynamics. TRTS dynamics of the charge generation processes of PM6:Y6 via (a) hole and
(b) electron transfer channels at 800 and 630 nm pump respectively of different temperatures. (c) Rise time of charge generation processes (τcs) via
hole and electron transfer channels decrease with the lower temperatures. (d) Temperature-dependent charge separation of hole and electron
transfer channels can be well fitted by the Arrhenius model. The extracted charge separation activation energy of the electron transfer channel is
much smaller than that of the hole transfer channel.
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between charge generation dynamics initiated from excitations
in the donor and acceptor. The rate parameter for charge
generation from the acceptor excitation is more susceptible to
the temperature (Figure 4c). To quantify the difference, we
evaluate the activation by the Arrhenius eq (Figure 4d) as

k k
E

k T
1

expcs
cs

0
a

B
= =

i
k
jjjjj

y
{
zzzzz (1)

where T is the temperature, kB is the Boltzmann constant, Ea is
the activation energy, and k0 is the pre-exponential factor. The
thermal activation energies extracted for the two charge
separation channels originating from excitations within the
donor and acceptor are approximately 38 and 67 meV,
respectively. The variance in thermal activation energies
between the two channels likely stems from the involvement
of distinct intermediates. Instead of following a sequential
process initiated by energy transfer from donor to acceptor, the

generation of charges from donor excitations is facilitated by
the electron transfer process mediated by interfacial CT states.
Conversely, in the case of acceptor excitations, charge
separation is made possible by the hole transfer process,
which is mediated by the delocalized excitations within the
acceptor moiety.10,18 These distinct intermediates possess
varying free energy levels, accounting for the differences in
activation energies observed in the temperature-dependent
measurements.
For comparison, we performed control experiments on a

fullerene-based OPV blend of PM6:PC71BM. In the polymer/
fullerene systems, charge separation primarily occurs through
an the interfacial CT mediated pathway.2 Experimental data
indicate that the THz dynamics are consistent, regardless of
whether excitation occurs at the donor or acceptor (Figure
S10). Additionally, temperature-dependent experiments show
similar activation energies for both donor and acceptor

Figure 5. TRTS dynamics of the charge generation processes of the as-cast BHJ and PHJ PM6:Y6 films via (a, d) hole and (b, e) electron transfer
channels at 800 and 630 nm pump, respectively, of different temperatures. (c, f) Arrhenius model is used to extract the charge separation activation
energies of hole and electron transfer channels.
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excitation (Figure S11). These findings consistently support a
coincident charge separation mechanism in fullerene systems.
The rise time of charge generation in OPV blends with Y-series
NFAs is slower than that in polymer/fullerene acceptors,
suggesting that intermolecular interactions in NFA domains
play an important role.
The morphology of the blend is widely recognized as a

crucial parameter influencing the dynamics of excited states in
OPV films.57,60−62 To ensure morphologies similar to those
found in practical devices, we conducted AFM measurements
on PM6:Y6 films with different thicknesses (Figure S12, SI).
The AFM results showed consistent micromorphologies in the
three films of varying thicknesses (110, 150, and 200 nm) with
similar surface roughness (∼0.6 nm) and domain sizes (∼20
nm). Additionally, the THz dynamics following donor or
acceptor excitation were found to be independent of film
thickness (Figure S13), corroborating with the consistent
morphologies observed in AFM experiments. These findings
demonstrate that THz dynamics are unaffected by film
thickness, accurately reflecting the underlying mechanisms in
an optimized device and aligning with the thickness tolerance
observed in OPV devices with NFAs.57,60,63

The above results distinctly highlight the vital roles that both
interfacial and intramoiety excitonic configurations play in
charge generation within PM6:Y6 blends optimized for
devices. In D:A blend systems, the progression of excitations
is controlled by either intramoiety or interfacial excitonic
coupling. Manipulating the morphology to achieve a balance
between the interfacial and bulk regions is crucial for
synergizing potential pathways for electron and hole transfer
processes. To evaluate the impact of interfacial morphology,
we conducted controlled experiments on as-cast BHJ and
layer-by-layer processed PHJ films, comparing them with the
above-discussed optimized annealed PM6:Y6 BHJ films. The
as-cast BHJ film exhibited a higher interface-to-bulk ratio and
significantly smaller domain sizes (∼12 nm), as confirmed by
AFM measurements (Figure S14). Additionally, orthogonal
solvents were used in the fabrication of the PHJ film, resulting
in a significant reduction of D:A interfaces.49

The effects of morphology on the charge generation
dynamics in the samples are manifested as different temper-
ature-dependent THz dynamics upon donor and acceptor
excitations, as illustrated in Figure 5. Notably, both pump
conditions displayed similar temperature dependencies in the
as-cast BHJ film (Figure 5a,b), indicating a significant
reduction in the dynamic disparity between electron and
hole transfer pathways. In contrast, in the PHJ film, the
temperature dependence of electron transfer weakened, while
that of hole transfer strengthened (Figure 5d,e). These findings
are supported by comparable activation energies (37 meV for
electron transfer and 42 meV for hole transfer) observed in the
as-cast BHJ film, compared to distinct activation energies (20
meV for electron transfer and 61 meV for hole transfer)
observed in the PHJ film (Figure 5c,f). In the as-cast BHJ,
excitations are more likely generated around the interfaces,
where strong interfacial coupling could lead to rapid energy
transfer from donor to acceptor,15,16 and minimize kinetic
differences between donor or acceptor excitations. However, in
PHJ films with reduced D:A interfaces, excitations primarily
arise from intramoiety electronic coupling. The variation in
intermolecular coupling within donor or acceptor domains
results in excitations with diverse configurations, thereby
leading to divergent charge generation kinetics following either

donor or acceptor excitation. Comparing the temperature-
dependent THz dynamics of the optimized annealed BHJ
shown in Figure 4, we observe that the activation energy for
hole transfer is similar to that in PHJ films, highlighting the
significant role of intramoiety states within the acceptor
domain. Nevertheless, the activation energy for electron
transfer closely aligns with that of as-cast BHJs, emphasizing
the critical influence of interfacial states. Additionally, we find
that as-cast BHJs exhibit the lowest activation energy for hole
transfer, implying that enhanced disorder-induced entropy can
facilitate the separation of intramoiety excitations.64,65 In
contrast, PHJs display the lowest activation energy for electron
transfer, suggesting that different band bending effects caused
by varied interfacial micromorphologies may influence the
energy of CT excitations.66,67 These findings underscore the
importance of achieving a delicate equilibrium between
interfacial and intramoiety excitonic coupling through
morphological control to enhance efficient charge generation
dynamics.
By comparing the three PM6:Y6 films with distinct

morphologies, we observe that the dominant factor determin-
ing the hole transfer channel is the intramoiety coupling.
Specifically, in acceptor Y6, photon excitation leads to local
excitations (LEs), which can undergo two charge separation
pathways mediated by either the intramoiety state (iEX) or the
CT state (Figure S15). Due to different excitation config-
urations of these intermediate states, it is evident that iEX-
mediated and CT-mediated charge separation pathways occur
along distinct reaction coordinates. The smaller nuclear
displacement between LE and iEX suggests a potentially faster
conversion from LE to iEX compared to LE to CT in Y6
aggregations. Consequently, CT-mediated charge separation
plays a subordinate role in this process. The activation energies
for dissociation of iEX and CT into free charges are
determined by energy differences relative to potential energy
surface crossover points for each respective state. We
hypothesize that there may be a larger nuclear displacement
between iEX and CS compared to that between CT and CS,
resulting in a higher Ea for the iEX-mediated charge separation
pathway (Figure S15). Furthermore, at D:A interfaces where
acceptor molecules possess large quadrupole moments, energy
bending could lead to elevated CT energies,7,15,68 which
enhance wave function delocalization of CT states and further
reduce charge separation barriers. In addition to similar
entropy increase effects observed in fullerene-based OPV
systems, electronic polarization effects in NFAs also decrease
free energy of the CS state potentially explaining extremely low
activation energies observed here.12

■ DISCUSSION
Previous works have argued that free charge generation can be
accomplished in the neat component of acceptor Y6.13 In the
pure Y6 film, the THz response simultaneously reaches its
maximum following photon excitation, which is markedly
distinct from the gradual increase in THz response observed in
the PM6:Y6 blend (Figure S16a). The presence of a nonzero
THz signal in the pure Y6 film suggests that charge separation
occurs in the individual component,13 which is possibly caused
by the symmetry breaking between two adjacent Y6 molecules.
However, the recorded THz response from the pure Y6 film is
merely around 10% of that observed in the blend. Similarly, a
comparably low THz response is also noted when exciting the
donor component in the pure PM6 film (Figure S17). These
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consistent findings strongly suggest that D:A interfaces play a
pivotal role in the generation of the majority of mobile charges
in the active layer of blend PM6:Y6. When blending with the
polymer donor PTQ8 in a straddled band alignment (Figure
S16b),8 the THz dynamics is similar to that in the neat Y6 film,
indicating that energy alignment at the D:A interface is of
significance in generating mobile charges. The increased
energy of the charge-separated (CS) state in the PTQ8:Y6
blend surpasses that of excitations in the acceptor, which
blocks the thermal conversion from intramoiety excitation to
the CS state and results in diminished charge generation
efficiency. The weak THz response in the neat film is possibly
limited by the small portion of excitations converted into free
charges or the limited charge mobility.27 For both cases, the
interaction between positive and negative polarons cannot be
fully ignored. The molecular packing in the film is
inhomogeneous, which may cause diverse energy landscape,
resulting in different degree of electron−hole binding of
multiple configured excitations.19 These charges in the neat
films recombine much faster than the separated charges in the
blend films. Toward photocurrent generation, doping with
proper polymer donor allows efficient charge separation
through the hole transfer channel. In principle, the THz
response observed in both neat PM6 and Y6 films may also be
attributed to changes in polarizability. However, this possibility
can be ruled out due to the presence of a nonzero real part
combined with a Drude−Smith-like spectra profile of THz
signals in both neat films (Figure S18).
It is worth noting that the nonequilibrium effect of charge

mobility is possibly essential on the time scale of charge
separation in the blend film.33,69 Under one-sun illumination,
the charge mobility estimated by THz measurement is
evaluated to be on the order of 0.1−1 cm2 V−1 s−1 if all the
excitations are assumed to be converted into free charges. This
value is orders of magnitude higher than the value
characterized by static measurements as commonly observed
in polymer/fullerene systems.70,71 The mobility on the short
time scale is also dependent on temperature which is plausibly
responsible for the increased magnitude of THz response when
temperature increases (Figure 4a,b).
We observe similar excitation density-sensitive dynamic

behaviors in other high-performance systems using Y6
derivatives, confirming the necessity of using weak excitation
to quantify the charge generation rate in OPV systems with
NFAs. The TRTS results at low excitation densities acquired in
this work have immediate implications on fully understanding
the intrinsic charge generation mechanisms of NFA-based
OPV blends. In both hole transfer and electron transfer
channels, we find that the activation energies are on the order
of several tens of meV, which are much lower than the binding
energy of neighboring electrons and holes at D:A interfaces.2,64

Owing to the wave function delocalization of electrons and
holes,18,72 the charge separation mediated by weakly bound
excitations may avoid the formation of tightly bound CT states
at the interface,11 which may account for the efficient charge
generation at low driving forces of OPV blends with NFAs.
Moreover, we note that a portion of THz signals are generated
within the system time resolution in both hole transfer and
electron transfer channels (Figure 3a), suggesting ultrafast
charge generation can take place in the PM6:Y6 blend film.54

While overall performance of an OPV device is also sensitive to
multiple factors over a longer time scale, the fast charge
generation can effectively compete exciton energy loss at the

early stage. The fast-rising edge of THz dynamics in the blend
is not merely from the signal of the direct excitation of the
donor or the acceptor, which is supported by the much-
lowered signals recorded in neat Y6 and PM6 films (Figures
S16 and S17). The charge generation within 1 ps may arise
from the ultrafast long-range charge separation induced by the
excitation delocalization.18,73 Nevertheless, TRTS with im-
proved time resolution may be developed to further investigate
the mechanism of the femtosecond charge generation process
in the future.

■ CONCLUSIONS
In summary, we have developed a highly sensitive TRTS
system with a remarkable ΔE/E sensitivity better than 10−6.
This system enables us to elucidate the intrinsic dynamics of
free charge generation in OPV blends under near-solar
illumination conditions. In the model PM6:Y6 blend film, we
observe that processes of charge generation through electron
and hole transfer channels are facilitated by distinct
intermediate states. This results in different THz dynamics
and activation energies associated for each channel. Moreover,
it has been demonstrated that both interfacial and bulk
morphologies play a crucial role in governing the evolution of
excitations, including energy transfer and charge transfer.
These findings strongly suggest that the intermediate states,
both interfacial and intramoiety excitations, are pivotal for the
operation and future optimization of devices.
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