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ABSTRACT: We present two-dimensional white-light spectroscopy (2DWL) measurements of
binary and ternary bulk heterojunctions of the polymer donor PM6 mixed with state-of-the-art
nonfullerene acceptors Y6 or IT4F. The ternary film has a shorter lifetime and faster spectral
diffusion than either of the binary films. 2D line shape analysis of the PM6 ground state bleach
with a Kubo model determines that all three films have similar amplitudes of fluctuations (Δ =
0.29 fs−1) in their transition frequencies, but different relaxation times (ranging from 102 to 24
fs). The ternary film exhibits faster dynamics than either of the binary films. The short lifetime of
the ternary blend is consistent with increased photoexcitation transfer and the fast frequency
fluctuations are consistent with structural dynamics of aliphatic side chains. These results suggest
that the femtosecond fluctuations of PM6 are impacted by the choice of the acceptor molecules.
We hypothesize that those dynamics are either indicative, or perhaps the initial source, of
structural dynamics that ultimately contribute to solar cell operation.

Solar energy has recently seen an explosion in its
application, owing to a lowering of production and

installation costs of silicon solar cells,1 but new technologies,
such as organic photovoltaics, offer the potential for easier
production and more widespread use.2,3 Organic photovoltaics
are an intriguing technology because they are solution
processable and do not require high temperatures to
manufacture, which simplifies production and promises a
lower CO2 footprint than silicon solar cells. Though peak
efficiencies still lag behind silicon and other inorganic materials
like GaAs and CdTe, single junction efficiencies of organic
solar cells have recently surpassed 17.5%,4 largely attributed to
the development of new nonfullerene acceptors such as ITIC,
Y6, and their derivatives.5−7 Continued fundamental research
into the mechanisms of operation of organic solar cells will
help drive new material discovery and increase device
performance.
Absorption of light by the donor semiconductor leads to the

formation of excitons or Coulombically bound electron hole
pairs. These excitons are dissociated into free carriers via
electron transfer into a second, electron accepting material,
usually mixed in with the donor material in a bulk
heterojunction architecture.2,8 Traditionally this acceptor
material was C60, PCBM, or another fullerene derivative.
More recently, nonfullerene acceptors such as ITIC and Y6
(see structures in Figure 1a) lead to higher efficiencies because
of better energy level alignment with the donor material
(Figure 1b). In addition, ITIC and Y6 create free carriers
because they absorb in the red and NIR parts of the solar
spectrum (Figure 1c).5−7 Engineering of the crystal packing of

nonfullerene acceptors has increased the charge transport
efficiency in three dimensions, resulting high collection
efficiencies at the electrodes.9,10

The highest efficiency organic solar cells utilize a ternary
design, where one donor polymer is combined with two
nonfullerene acceptors.11,12 Many ternary combinations of
donor polymers and nonfullerene acceptors are possible and
have been studied.13−16 Usually, but not always, ternary films
are improved over their binary counterparts, which is
consistent with better coverage of the solar spectrum by
including the second acceptor material.17−21 But, a wider range
of absorption cannot entirely explain the improvements in
efficiency, because films with nearly identical absorption
spectra have different efficiencies, suggesting that nanoscale
or molecular differences also play a role. We examine the
binary and ternary systems of the donor polymer PM6 (also
called PBDB-T-2F) and the nonfullerene acceptors Y6 and
IT4F. PM6:Y6 solar cells have been reported as high as 15.7%
efficient.13,22 Another high performing nonfullerene acceptor is
IT4F, which has been used with PM6 to produce cells with
efficiencies of 12.9%.18 Li et al. fabricated ternary solar cells
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from these materials and found the efficiency increased to
16.5%.18

One possible explanation for the anomalously high efficiency
of the ternary film is the packing of the polymers in the
domains. Bulk-heterojunctions made from a polymer donor
and a nonfullerene acceptor are thought to contain crystalline
domains of the donor and acceptors and an amorphous
mixture of the donor and acceptor together.23−25 The relative
amount of each of these phases and their purities can influence
the overall photovoltaic performance because the charge
separation and transport properties of the bulk-heterojunction
are extremely sensitive to the packing of the donor and
acceptor materials.26 Grazing incidence wide-angle X-ray
scattering and resonant soft X-ray scattering measurements
have shown that the packing of polymer chains within the
donor domains is sensitive to the side chain size,27,28 acceptor
material,18,19 and ratio of the acceptor material used in film
fabrication.23,25

Ultrafast charge transfer and other femtosecond energy
transfer processes are the first processes to occur upon
absorption of a photon and often play important roles in device
efficiency. The time scale of these processes often correlate
with materials or processing methods and differences in
efficiency, open circuit voltage, current density, and other
devices metrics.29−33 Several transient absorption (TA) studies
of the PM6:Y6 and PM6:IT4F systems have identified hole
transfer from excitons in the acceptor material to be a process
that contributes to the overall photocurrent as well as electron
transfer from the donor material.19,24,25,34−37 Chen et al. varied
the morphology of their bulk heterojunction films and found

that the grain size controls the hole transfer time scale.25 Yang
et al. found that use of solvent additives in preparation of the
bulk heterojunctions can suppress recombination losses.35

A more advanced form of TA spectroscopy, ultrafast two-
dimensional electronic spectroscopy (2DES), probes both
structures, and dynamics. By measuring 2D lineshapes as a
function of delay time, the magnitude and time scales of the
fluctuations of the environment around the photogenerated
excitons are measured, which are created by molecular
differences in structure and their motions. 2DES has recently
been used to study PM6:Y6 films. It was found that thermal
annealing may affect coherent phonons that are thought to
play an important role in the charge transfer process.24 Beyond
organic materials, 2DES has been used extensively in the study
of perovskite solar cell materials.38−41 Seiler et al. used line
shape analysis to identify polaron formation in CsPbI3
nanocrystals.38 Lineshape analysis has been used before to
study how nuclear motions of the surroundings can influence
electronic relaxation processes of semiconductors38,42 and
photosynthetic complexes.43,44

Here, we use two-dimensional white-light spectroscopy
(2DWL), a variant of 2DES with ultrabroad spectral range
(Figure 1c), to study the energy and charge transfer dynamics
of excitons in binary and ternary blends of PM6, IT4F, and Y6.
We conclude that the ternary film has the fastest relaxation of
the ground state bleach transition and the fastest fluctuation
time scale. Measurement of the ultrafast dynamics and
relaxation processes in these films highlight how structural
dynamics could be an important factor in photovoltaic design.

Figure 1. Compounds considered in this work. (a) Structures of compounds considered in this work. (b) Energy levels of PM6, IT4F, and Y6 taken
from Li et al.18 (c) Linear absorption spectra of PM6:IT4F (red), PM6:Y6 (green), and the ternary blend (blue) normalized to the height of the
PM6 peak with the spectra of the pump (shaded orange) and probe (shaded green) pulses used for 2DES measurements.

Figure 2. AFM images collected in tapping mode of PM6:IT4F, PM6:Y6, and PM6:IT4F:Y6 bulk-heterojunctions.
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Linear absorption spectra of PM6:IT4F, PM6:Y6, and the
ternary blend are shown in Figure 1c. All films absorb light
across the visible spectrum, with the ternary film having the
broadest coverage. Thin films made solely of PM6 exhibit a
strong absorption band at 623 nm with a shoulder at 580 nm
which we assign to be a vibronic sideband (SI). In the
mixtures, the PM6 absorption band is peaked in the same place
as the PM6 control for all three films (labeled with * in Figure
1c), but in the PM6:IT4F film spectrum, the vibronic sideband
is roughly 10% more intense. Electronic coupling is well-
known to modify the relative intensities of the vibronic peaks
in π-stacked organic chromophores, and changes in the
packing of polymer chains modulates the strength of the
electronic coupling.45,46 Thus, a different ratio is most likely
indicative of different electronic couplings between the
polymer chains in at least one of these films.
We used atomic force microscopy (AFM) to characterize

the morphology of our bulk-heterojunctions and compared
them to prior published work by others.13,20,21,47 All three films
are homogeneous with grain sizes on the order of 10−20 nm
(Figure 2). Our film morphologies are comparable to those of
Zhu et al.,24 Jiang et al.,20 and Song et al.,13 who prepared bulk-
heterojunctions with PM6 via spin-casting, as do our linear
absorption spectra (Figure 1c).
2DWL spectroscopy is a third-order spectroscopy that can

be thought of as a transient absorption experiment with a
frequency resolved pump axis.48,49 This extra spectral
dimension allows for easier peak assignments,50,51 monitoring
of charge and energy transfer dynamics,52,53 and analysis of
spectral line shapes.38 We use white-light supercontinua
generated in YAG crystals to give us hundreds of nanometers
of bandwidth for both our pump and probe pulses (Figure
1c).54,55 Shown in Figure 3 are the 2DWL spectra of the bulk-
heterojunctions considered here collected at a waiting time
(pump−probe) delay of 100 fs. At 100 fs, the three spectra are
qualitatively similar, with a set of negative peaks (blue) created
by the ground state bleach (GSB) of PM6. There are four
transitions contributing to these features: PM6 has transitions
at 623 and 580 nm from the main absorption band and

vibronic sideband, respectively, which each create diagonal
peaks in the 2DWL spectra. Since they share a common
ground state, there are also upper and lower cross peaks
between these states. We schematically draw these 4 features
with white dashed circles in the PM6:IT4F spectrum (Figure
3a). We would expect to observe peaks in the NIR from the
acceptor molecules at ∼750 nm for IT4F or ∼860 nm for Y6,
but our pulses are too weak in this spectral range.
All three spectra also contain a broad positive feature (red)

from excited state absorption (ESA) of PM6 excitons. This
feature grows in on a 100−200 fs time scale and is present in
the TA spectrum of a neat film of PM6 (SI). We note that our
2DWL spectra differ from a previously reported 2D spectrum
of a PM6:Y6 film. The spectrum reported by Zhu et al.24

contains a broad peak centered at ∼620 nm. Zhu et al. only
observed a narrow excited state absorption feature after
thermally annealing their films but utilized 3 nJ pulses in
their experiment, which are almost 12 times stronger than our
pulses. This difference in pump energy could be one
explanation for differences in our measured 2D spectra.24

In all three films, the PM6 ground state bleach peaks initially
recover on a 2−4 ps time scale (Figure 3d) with additional
relaxation over several hundred picoseconds. Monoexponential
fits to the ground state bleach dynamics are summarized below
in Table 1. To ∼90% confidence, the initial decay in amplitude
is fastest in the ternary film and slowest in the PM6:IT4F film.
Examining the line shape dynamics of PM6 excitons on

much shorter time scales (<150 fs) reveals noticeable
differences between the three films considered here. The

Figure 3. 2DWL spectra of PM6:IT4F (a), PM6:Y6 (b), and the ternary blend (c) at a time delay of 100 fs. Ground state bleach dynamics of the
diagonal peak at 623 nm (d) for PM6:IT4F (red), PM6:Y6 (green), and the ternary blend (blue) with monoexponential fits shown as dashed lines.

Table 1. Summary of Monoexponential Fitting to Ground
State Bleach Relaxationa

film tGSB (ps)

PM6:IT4F 5.2 ± 1.3
PM6:Y6 3.5 ± 0.5
ternary 3.2 ± 0.3

aUncertainties are derived from the fits.
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elongation of the 2D line shape resolves the homogeneous
from the inhomogeneous line width. If the line widths broaden
as a function of the waiting time (t2), then spectral diffusion
occurs upon excitation, revealing the time scales for exciton
diffusion as well as the electronic and structural dynamics of
the film.38,56,57 We analyzed the antidiagonal width along the
entire wavelength range. We found that the antidiagonal width
at 580 nm has the least interference from the excited state
absorption. By fitting the ground state bleach and excited state
absorption peaks and comparing the experimental width to the
width of the fitted ground state bleach peak, we estimate that
the excited state absorption alters the antidiagonal widths <2%
at this wavelength. Center line slope (CLS) analysis was less
reliable because of the overlapping transitions.38,57

The evolution of the antidiagonal widths over t2 is shown in
Figure 4d, along with simulations of the data using the Kubo
ansatz for the frequency fluctuation correlation function
(FFCF):

t e( ) (0) t2 /δω δω⟨ ⟩ = Δ τ−| |
(1)

where Δ is the magnitude and τ is the time scale of the
fluctuations. For each time delay, we simulated a 2D spectrum
using the FFCF from eq 1 to calculate the response functions
and Fourier transformed along both dimensions to mimic the
experimental measurements, from which the antidiagonal line
shape is extracted. More details about the simulations are given
in the SI. Δ and τ were varied until the simulated antidiagonal
line widths match the experiment. The line shape dynamics
were also fit with monoexponentials for a comparison of time

scales irrespective of the fits. Results of the line shape analysis
and monoexponential fitting are shown in Table 2. The
fluctuation amplitudes (Δ) of each of these films are almost
identical at ∼0.30 fs−1 (1242 meV) whereas the time scales of
these fluctuations (τ) are quite different for each of the films,
varying by a factor of 4. Moreover, τ is inversely proportional
to the photovoltaic efficiencies reported in ref 14. All three
films are in the inhomogeneous limit (ΔΔτ > 1), which is
reflected in the elongation of the diagonal peaks in the 2DWL
spectra in Figure 4.
Taken together, the 2D spectra quantify the photophysics of

these films via their electronic-state lifetimes and the
magnitude and dynamics of the frequency fluctuations.
Regarding the lifetimes, all the ground state bleach dynamics
shown in Figure 3d and summarized in Table 1 are faster than
the ground state bleach dynamics of a pure film of PM6, as
measured by transient absorption (SI). This increased rate in
ground state bleach decay means there is a new relaxation
process present in the mixed films that decreases the
population of PM6 excitons created by the pump pulse. A
recent study has proposed this process could either be electron
transfer, which would decrease the stimulated emission
pathway; or energy transfer followed by hole transfer from
the acceptor,58 which would deplete the ground state bleach
pathway. In principle, we can distinguish between these two
pathways with their intensities, but in practice, we cannot tell
the difference because we do not observe the appearance of
any new features within our spectral range. Thus, we refer to
the process that depletes the intensity of the diagonal peak as
“charge transfer”, keeping in mind that it could also be energy

Figure 4. 2DWL spectra of PM6:IT4F (a), PM6:Y6 (b), and the ternary blend (c) at a time delay of 0 ± 5 fs. Evolution of the antidiagonal width
over t2 (d) for PM6:IT4F (red), PM6:Y6 (blue), and the ternary blend (green). Data are shown as dots with simulations from a Kubo line shape
model shown as lines.

Table 2. Summary of Kubo Lineshape Simulations and Monoexponential Fitting of Antidiagonal Width Data (Figure 4d)a

film Δ (fs−1) τ (fs) ΔΔτ a (meV) tfit (fs) c (meV)

PM6:IT4F 0.29 ± 0.01 102 ± 2 29 214 ± 22 55 ± 17 323 ± 24
PM6:Y6 0.30 ± 0.01 38 ± 1 11 171 ± 38 30 ± 14 340 ± 20
ternary 0.29 ± 0.01 24 ± 1 7 106 ± 29 33 ± 22 337 ± 18

aUncertainties are derived from the fits.
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transfer. Charge transfer is known to be highly efficient13,18,22

in these photovoltaic films and has been previously measured
to be ultrafast.24,25,34,35 Thus, one likely reason for faster
dynamics is electron transfer from PM6 excitons to the
acceptor molecules.
The line shape dynamics are caused by a thermal bath of the

vibrations of the polymer. We describe this bath with the Kubo
form of the frequency fluctuation correlation function (eq 1).
Regarding the magnitude and time scale of the frequency
fluctuations, the line width of the electronic transitions are
created by structural packing of the films, structural and
electronic relaxation upon photoexcitation, and other effects
that change the electronic structure of the molecule. The fact
that Δ is the same for all three films is consistent with the
simple fact that the donor polymer, PM6, in which the exciton
is created upon photoexcitation, is the same in all three films.
Resonant soft X-ray scattering measurements of PM6:Y6 films
by Zhu et al. showed a high degree of domain purity, meaning
that we expect that a majority of the signal that we measure are
from domains of relatively pure (∼96%) PM6.24 Therefore, the
excitons created in PM6 are exposed to the same environment
and structural distribution, regardless of the mixture.
The other observation of interest is that the time scales (τ)

for the frequency fluctuations scale inversely with the expected
efficiency of the devices that are made from films of this type.
The sub-100-fs time scale for all of the films measured here is
consistent with the inertial component often seen in ultrafast
measurements that measure dynamics and reflect the strength
of the system-environment coupling.59−63 For example, it has
been commonly observed that dye molecules exhibit different
line shape dynamics in solvents of different polarity.64,65

Because of the similarity in time scales, we attribute the
spectral diffusion observed here to similar forces. Indeed, the
structures of other semiconducting polymers fluctuate on
similar time scales. Guilbert et al. simulated the molecular
dynamics of P3HT aggregates and calculated correlation
functions for several different structural parameters. They
found that motion of the backbone has a correlation time of
several nanoseconds, the beginning and middle part of the
alkyl side chains have correlation times of several picoseconds,
and the ends of the side chains have femtosecond correlation
times.66 We would expect similar time scales for the alkyl side
chain motion of PM6 (Figure 1a). The PM6 excitons are likely
concentrated in the aromatic backbone, but the time scales
suggest that the packing of the PM6 backbones brings them
into contact with the side chains. The fact that these time
scales differ for each of the mixtures, suggests that the
structural dynamics of PM6 is influenced by the choice of
acceptors.
Other explanations for the line shape dynamics shown in

Figure 4 could be diffusion (exciton hopping) or delocaliza-
tion. If the excitons hop faster than the environment around
them can fluctuate, the inhomogeneously broadened peaks will
become rounder during t2, similar to what we observe in Figure
4. However, Jiang et. al measured the diffusion length in PM6
films to be ∼7 nm.67 Assuming a monomer length of 21 Å, the
hopping time to a neighboring site is 26 ps which is much
slower than the <100 fs line shape dynamics we observe.
Delocalization of the excitons is presumably also impacted by
the dephasing rate. Because disorder causes localization,
exciton delocalization, static structural disorder, and structural
dynamics are interconnected.68,69

We have studied the dynamics of excitons in PM6
incorporated into binary and ternary bulk-heterojunctions
with the nonfullerene acceptors IT4F and Y6 using two-
dimensional white-light (2DWL) spectroscopy. We have found
that the ternary blend exhibits the fastest relaxation of the
ground state bleach peak (tGSB), which we assign to be charge
transfer to the acceptors. The ternary film also has the fastest
line shape dynamics (τ), indicating that the femtosecond
dynamics of PM6, which we assign to aliphatic side chain
motions, are impacted by the choice of acceptor. Modeling the
2DWL lineshapes directly from molecular dynamics simu-
lations of PM6 would help determine more precisely what
ultrafast motions are present and how they influence the
exciton dynamics. In the future, it should be possible to resolve
cross peaks between the donor and acceptors, allowing for
simultaneous monitoring of electron and hole transfer
dynamics and confirmation of these charge transfer times.
Lineshape analysis of donor−acceptor cross peaks could help
determine to what extent the fluctuations measured here
influence other ultrafast processes in these films.
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