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Singlet Exciton Fission in Organic
Semiconductors

Kolja Kolata, Tobias Breuer, Gregor Witte,* and Sangam Chatterjee*

Faculty of Physics and Materials Sciences Center, Philipps-Universitat Marburg, Renthof 5, D-35032 Marburg, Germany

ABSTRACT (arrier multiplication by singlet exciton fission enhances photovoltaic
conversion efficiencies in organic solids. This decay of one singlet exciton into two
triplet states allows the extraction of up to two electrons per harvested photon and,
hence, promises to overcome the Shockley—Queisser limit. However, the microscopic
mechanism of singlet exciton fission, especially the relation between molecular
packing and electronic response, remains unclear, which therefore hampers the
systematic improvement of organic photovoltaic devices. For the model system
perfluoropentacene, we experimentally show that singlet exciton fission is greatly
enhanced for a slip-stacked molecular arrangement by addressing different crystal

axes featuring different packing schemes. This reveals that the fission process strongly depends on the intermolecular coupling: slip-stacking favors delocalization of

excitations and allows for efficient exciton fission, while face-to-edge molecular orientations commonly found in the prevailing herringbone molecular stacking patterns

even suppress it. Furthermore, we dlarify the controversially debated role of excimer states as intermediary rather than competitive or precursory. Our detailed findings

serve as a guideline for the design of next-generation molecular materials for application in future organic light-harvesting devices exploiting singlet exciton fission.

KEYWORDS: singlet exciton fission - 7—z7-stacking - light harvesting - correlated triplet pair dynamics -
ultrafast pump—probe spectroscopy - organic thin films

he key requirements for successful

light-harvesting devices are low cost

and high energy yields. Organic solids
potentially allow for large-area and low-
cost printing on flexible substrates’' 3 and,
therefore, have lately matured into viable
competitors for their well-established inor-
ganic counterparts. Despite the large molec-
ular photon absorption cross-section, the
overall efficiency of organic solar cells still
remains comparably low. In general, the
light-to-current conversion in semiconduc-
tors exploits the photovoltaic effect: the
absorption of a photon excites an electron,
leaving behind a so-called hole; both elec-
tron and hole may form a Coulomb corre-
lated electron—hole pair or exciton. A net
current is collected once the exciton dissoci-
ates at the donor—acceptor interface states,
while the excess energy is dissipated as heat.
This remaining quantum deficit reduces the
maximum energy conversion in conven-
tional solar cells according to the Shockley—
Queisser limit.* Carrier multiplication schemes
can overcome this constraint by using the
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excess energy to generate additional ex-
cited carriers. A prominent example in or-
ganic semiconductors is singlet exciton
fission, where one singlet exciton (Xs;) is
converted into two triplet excitons (Xr),>
dipole-forbidden states that do not directly
couple to light. Evidently, this process is
exothermic when the energy balance fulfills
E(Xs1) = 2E(X77). At least two participating
molecules are necessary due to Pauli's ex-
clusion principle; however, this requires ef-
fective intermolecular coupling, which is
rarely found in van der Waals-bound solids.
The prevailing packing motif in the crystal-
line phase of ;1-conjugated molecules is the
face-to-edge herringbone structure. A promi-
nent representative adopting this arrange-
ment is pentacene, a prototypical organic
semiconductor commonly serving as a bench-
mark system. Regrettably, previous ultrafast
experiments devoted to exciton fission were
typically performed on polycrystalline samples
(see, for example, refs 8 and 9 for recent
reviews), as the fabrication of highly ordered
thin films yields only microscopically small
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Figure 1. Correlation of packing scheme and optical response along all three crystal axes. Schematic PFP stacking patterns
along (A) the b- and c-axes on NaF(1 00) substrates and (B) a- and b-axes on KCI(100) substrates (top view). Linear absorption
(open circles) along (C) b-axis, (D) c- aX|s, (E) a-axis and correspondmg differential absorption spectra at time delays of 300 fs
(dashed) and 1 ps (solid) for the b - and c-axes. For the a-axis, differential absorption spectra at 1 ps (dashed) and 90 ps (solid)
are shown together with a Fano fit (red) of the induced absorptlon False-color plots: time evolution of the differential
absorption spectra along (F) the b -axis, (G) the c-axis, and (H) the a-axis shown on a nonlinear time scale. Signatures at 1.52 eV
due to stray light from the laser used for supercontinuum generation are whited out.

single-crystalline domains and, therefore, the crystal
axes and excitation dynamics were not correlated.
Other packing motifs may enhance the intermolecular
coupling, and various synthetic strategies to affect the
molecular arrangement are presently pursued.”® A
promising route is stacking the molecules face-to-face,
generally referred to as “m-stacking”. While a direct
coplanar stacking of the molecular planes causes steric
repulsion, enhanced intermolecular coupling is ex-
pected when the molecules are additionally displaced
laterally (termed as slip-stacked packing). Moreover,
slip-stacking is predicted to greatly increase the rate of
singlet exciton fission, as it breaks the symmetry plane
between the stacked molecules, which results in non-
vanishing interaction integrals essential for the fission
process.2® However, the impact of molecular packing
on singlet exciton fission has not been studied due to
the lack of sufficiently sized crystallites, which enable
directional-resolved optical investigations.

RESULTS AND DISCUSSION

We investigate the relaxation and singlet exciton
fission dynamics in perfluoropentacene (Cy;F;4, PFP).
This particularly well-suited model system features
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different molecular stacking patterns in different direc-
tions within the single crystal. In particular, its layered
crystal structure exhibits anisotropic molecular pack-
ing within the (b¢)-plane, where the molecules are
slip-stacked along the b -axis and aligned in a face-to-
edge herringbone arrangement along the c-axis
(cf. Figure 1A and B). The herringbone angle of nearly
90° in combination with the intermolecular spacing
leads to virtually vanishing interaction between mol-
ecules along the face-to-edge direction, leaving solely
the slip-stacked molecules along the b -axis to poten-
tially contribute to singlet exciton fission. Only this
rarely found peculiar packing motif allows the unique,
precise determination of the structure-dependent
electronic responses. Furthermore, density-functional
theory (DFT) predicts a pronounced dispersion along
this direction in crystalline PFP.'" Additionally, slip-
stacking is expected to enhance the delocalized nature
of excitons in organic semiconductors,'?~'* which, in
turn, is considered as the primary driving force for
singlet exciton fission.'> Consequently, highly aniso-
tropic singlet exciton fission is expected in PFP crystals.
In particular, we exploit the unique epitaxial growth
relations of PFP thin films on KCI(100) and NaF(100)
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substrates (standing vs lying, cf. Figure 1A and B).'®
These yield macroscopic single-crystalline domains,
which enable polarization-resolved ultrafast transi-
ent-absorption experiments along all three crystal
axes. Thereby, we here provide first experimental data
unambiguously showing the direct correlation of sing-
let exciton fission with the molecular packing motifs in
organic solids.

Already the linear absorption spectra reveal the
anisotropic nature of the electronic response in PFP.
For simplicity, we refer only to crystal axes instead
of the linear polarization state of the probe light set
parallel to the respective axis in the following. The
lowest energy transitions for the b -axis (Figure 1C) and
the ¢ -axis (Figure 1D) around 1.7—1.8 eV are associated
with singlet excitons Xs;. This is about 0.3 eV below the
transition from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO) in solution So — S;."”'® The corresponding
transition-dipole moment is oriented along the short
axis of the molecular plane, resulting in negligible
absorption signatures along the g -axis in this energy
range (Figure 1E). The anisotropy significantly influ-
ences the carrier dynamics monitored by the polariza-
tion- and time-resolved differential absorption (Aal)
shown as false-color plots in Figure 1F, G, and H, for the
b -axis, the c-axis, and the g -axis, respectively. For all
three cases, the pump pulses are linearly polarized
along the b -axis and tuned to the S, — S; transition
energy at 2 eV. These data clearly show nonuniform
responses despite identical excitation conditions.

First, we focus on the Xs; resonance. Exemplary Aal
spectra are presented for the b -axis and for the ¢ -axis
in Figures 1C and D, respectively. Shortly after the
excitation (pump—probe time delay At = 300 fs), a
bleaching of the Xs; resonance is found along both
axes, which prevails at longer time delays (At = 1 ps).
Furthermore, a broadband induced absorption (BIA) is
observed solely along the b -axis (Figure 1F). The BIA is
a characteristic signature for additional transitions
emerging due to the presence of excited carriers. The
associated dipole moment is oriented exclusively
along the b -axis, indicating that these excitations are
partially delocalized across at least two molecules
along this direction, as expected for the slip-stacked
packing motif. In addition, we observe broadband
luminescence at energies below the Xs; resonance
for the same excitation conditions which is typically
attributed to excimers (cf. inset in Figure 2C). This
quasi-particle describes an excitation shared between
two neighboring molecules, effectively reducing the
system's energy. Excimers were originally identified
in luminescence spectra in solution,’” ' and the
description was later also transferred to molecular
solids.?*** Accordingly, we attribute the BIA to tran-
sitions between excimer-like states (EX) with their
transition dipole moments oriented along the b -axis.
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This is of particular interest, as the role of excimers in
singlet exciton fission is presently debated controver-
sially. Sometimes, they are considered parasitical ®
while others identify their formation as the mediating
mechanism.>**°

Next, we discuss the excitation dynamics along the
a -axis (Figure 1E). Here, we observe a strong induced
absorption at 2.28 eV. Its peak position corresponds
well to the dipole-allowed T; — T, transition, where a
strong oscillator strength is predicted at 2.16 eV based
on single-molecular time-dependent DFT calculations.?®
Intriguingly, the spectral line shape evolves with time.
Initially, the asymmetric peak (At = 1 ps) resembles a
Fano-type resonance. This is typically observed when
the transition amplitude associated with a resonance
experiences constructive and destructive interference
with a continuum of background transitions. Later, the
resonance evolves into a symmetric Voigt-like shape
(At =90 ps), capturing the associated lifetime, including
the inhomogeneity in the sample. This transformation is
attributed to the dephasing of the correlated-triplet
exciton pair ('(T7)),”?® a coherent superposition of
two X, considered to be the intermediate state in the
process of singlet exciton fission:®

Xs1 = "(TT) — Xp1 +Xny

The interference of the transition amplitudes from
Y(TT) to T, results in a Fano-type resonance since the
nondegenerate sublevels contributing to (TT) actas a
quasi-continuum; this interference is lifted once the
Y(TT) has dephased.

To clarify the interplay of EX and (TT), we further
analyze the time evolution of the individual spectral
signatures. Normalized transients for the Aal signa-
tures are plotted in Figure 2A: the bleaching of the Xs;
resonance (1.75—1.85 eV) is given as blue open circles,
the BIA revealing the EX dynamics (1.55—1.75 eV) is
displayed as red open circles, both along the b -axis,
while the induced absorption along the g-axis asso-
ciated with the '(TT) (2.24—2.3 eV) is shown as red dots.
The rise dynamics of the Xs; resonance's bleaching and
of the induced absorption along the g -axis are iden-
tical and occur simultaneously within our time resolu-
tion, while the BIA sets in later. Therefore, the '(T7) is
formed immediately after excitation and before EX is
populated. This is consistent with the aforementioned
charge-transfer nature of the lowest singlet exciton
resonance since charge-transfer excitons are expected
to directly couple to (TT) as a mediator for singlet
exciton fission and EX formation.'>?° At longer time
delays, all the transients, including the dynamics along
the c-axis (cf. Figures S10, S11), undergo the same
decay dynamics, revealing two distinct time regimes
(71 =12 £ 3 ps; 1, =0.5 &+ 0.3 ns), connecting all of them.

The comprehensive scenario thus appears as fol-
lows: the initial bleaching results from stimulated
emission and blocked absorption experienced by the
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Figure 2. Carrier dynamics and schematics of the rate equation model reproducing the experimental data. (A) Spectrally
integrated transients of the bleaching (1.75—1.85 eV, blue open circles) and the BIA (1.55—1.75 eV, red open circles) along the
b-axis as well as induced absorption along the g-axis (2.24—2.3 eV, red dots). The fast dynamics are modeled by the rate-
equation model, while the long-term dynamics are reproduced by double-exponential functions, shown as solid lines. All
signals show the same decay constants within the experimental error: 7; = 12 & 3 ps; 7, = 0.5 £ 0.3 ns. (B) Results of the rate-
equation model (solid line). The individual contributions are shown by the shaded areas, while the experimental data are
given as open circles. (C) Energy level scheme and underlying relaxation mechanisms implemented in the rate-equation
model. The solid blue arrows represent radiative recombination; the dashed arrows, nonradiative relaxation. Red arrows
indicate induced absorption. The X;; energy is taken from single-molecular DFT calculations.®® The inset shows the

photoluminescence spectrum of the sample.

probe pulse after the crystal is excited into the coupled
Xs1-'(TT) state. This coupled state crosses into the
EX potential diabatically through a conical inter-
section,** 32 and new EX-related absorption channels
emerge, observed as BIA. At this point, the stimulated
emission is reduced due to the vanishing effective
overlap between EX and S, wave functions. However,
the bleaching recovers as EX inhibits the fundamental
absorption S — Xs;, where it blocks at least two
transition channels instead of one, manifested in the
bleaching dip at At =700 fs observed in Figure 2B. The
decay with a constant of around 7; =12 + 3 ps is
assigned to the radiative relaxation of EX and dephas-
ing of (TT), whereas the second, slower decay is
attributed to relaxation of X7, into the ground state
with a decay constant of 7, = 0.5 & 0.3 ns. Thus, neither
is the '(TT) formation in competition with EX formation
nor is EX a precursor for the '(TT) formation, as pre-
viously suggested for pentacene.®® Evaluating the
bleaching amplitude ratio of the fundamental transi-
tion at short and long delay times, we conclude that
two-thirds of '(TT) recombine radiatively, while one-
third act as independent Xr;. The relatively high radia-
tive recombination rate indicates that many of the
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contributing sublevels have a singlet spin-function
admixture.®

All these observations are implemented into a rate-
equation model to quantify the observed dynamics
(details are given in the Supporting Information); the
included states and mechanisms are summarized in
Figure 2C. Results from the simulation are given in
Figure 2B as solid lines, yielding excellent agreement
with the experimental observations. The ground-state
bleaching is modeled by blocked absorption channels
due to excited states. Hence, occupation of the S;, the
Xs1,the EX, and the X7, contributes to the signal. The X,
is mimicked as an Xs;-'(TT) coupled state, since the
rigid selection rules for individual molecules are lifted
in non-centrosymmetric crystals and the singlet and
triplet wave functions combine into new eigenstates.

At early times, the bleaching dynamics are domi-
nated by stimulated emission channels as well as
relaxation of excited molecules into singlet excitons
(So — Xs1). Remarkably, even the dip in the bleaching
of the Xs; transition at early times is reproduced.
The long-term decay is dominated by radiative recom-
bination of EX as well as diffusion into X7;. The same
level of agreement is found for identical parameters for
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the BIA; here, only EX and X; contribute. Since this
signature occurs only as soon as excited, partially
delocalized excitons are present in the system, these
transitions within the triplet system challenge the
prevailing expectation of a strictly localized, Frenkel-
type X7;. The associated induced absorption shows
pronounced crystalline anisotropies within the bc-
plane, where it is observed only along the slip-stacked
packing motif of the b-axis and not found along the
face-to-edge packing motif of the ¢ -axis (cf. Figure S11).
The partially delocalized triplet excitons corroborate the
enhanced coupling between slip-stacked molecules.

CONCLUSIONS

In conclusion, we have observed singlet exciton
fission in crystalline PFP along the b -axis, which is
accompanied by formation of an excimer-like state.
The formation of the correlated-triplet exciton pair
occurs before the formation of the excimer-like states.
Its dephasing is manifested by the evolution of an
asymmetric Fano-type feature into a symmetric reso-
nance in the induced absorption along the a -axis.

METHODS

Substrate Preparation and Sample Growth. The alkali halide sur-
faces were prepared by cleaving slices of about 2 mm thickness
from a single-crystal rod (Korth Kristalle GmbH) in air. Subse-
quently, the samples were transferred into the vacuum system
using a load-lock system and annealed at 450 K under vacuum
to remove adsorbed water. Subsequently, the highly crystalline
PFP (Kanto Denka Kogoyo, purity >99%) thin films (150 nm)
were prepared under ultra-high-vacuum conditions by molec-
ular beam deposition onto KCI(100) and NaF(100) surfaces
following the general growth procedure described in ref 16.
Elevation of the substrate temperature during the deposition
process leads to enhanced crystallinity of the adsorbed layers as
well as increasing size of uniformly oriented domains (Figure S1).
Therefore, the samples investigated in this report were deposited
at a substrate temperature of 350 K. At this temperature, the
sticking coefficient is not yet reduced and the domain size is
maximized. The molecules assemble in an upright fashion
with their b- and c-axes parallel to the surface on NaF(100)
(Figure S2A), while a recumbent orientation is adopted on
KCI(100), yielding the a- and the b-axes of the PFP lattice parallel
to the substrate surface (Figure S2B).

Structural Investigations. The film morphology was character-
ized by atomic force microscopy (AFM, Agilent SPM 5500)
operated in tapping mode at ambient conditions and room
temperature. AFM tips with resonance frequencies of about
325 kHz, radii of 7 nm, and force constants of 40 N/m were used.
Exemplary film morphologies are depicted in Figure S1. These
reveal that appropriate preparation conditions lead to nuclea-
tion of elongated islands with preferred orientations along the
NaF (100) and KCI (110) directions. Due to the 4-fold symmetry
of the substrates, four 90°-rotated domains are found.

X-ray diffraction (XRD) measurements were applied to ana-
lyze the exact crystalline structure. The crystalline orientation of
the samples was determined from XRD data acquired with a
Bruker D8 Discovery diffractometer using Cu Ko radiation (1 =
1.54056 A) and a silicon strip detector. Bragg—Brentano scans
of PFP/NaF(100) are given in Figure S2A; the PFP(n00) diffraction
peaks are clearly observed. These lattice planes correspond to
uprightly oriented molecules, as shown schematically in the
inset. Additionally, azimuthal scans of lattice planes that are not
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Furthermore, the same decay dynamics are observed
for the excimer-related broadband induced absorption
features along the b -axis as well as the ground-state
bleaching, undoubtedly connecting all three of them.
Hence, coupling between molecules within the b -axis
enhances exciton delocalization, which then itself en-
hances singlet and triplet level mixing and conse-
quently lifts strict single-molecular selection rules. At
later delay times (z > 15 ps), around one-third of the
correlated-triplet exciton pairs diffuse into indepen-
dent triplet excitons. They remain in an excimer-type
state polarized along the b-axis and decay on a
nanosecond time scale. All these observations render
PFP single crystals as an ideal model system to study
electronic excitation dynamics such as excimer for-
mation and singlet exciton fission with respect to the
crystalline molecular packing. This unprecedented
correlation between molecular packing motifs and
the optical response not only provides detailed in-
sights into the exciton fission dynamics but also serves
as an important guideline for the design of future
molecular materials for light-harvesting devices.

parallel to the substrate have been performed to determine the
exact lateral arrangement. A scan of the PFP(112) and (11-2)
lattice planes (which are recorded simultaneously due to their
similar lattice spacing) yields 16 peaks. After elimination of the
peaks resulting from the 4-fold symmetry and the mirror
domains, two peaks with a mutual splitting of A® =3.1° remain.

Subsequent consideration of the relative orientation be-
tween the projection of the lattice plane onto the PFP(100)
lattice plane allows us to determine the orientation of the unit
cell axes on the surface. This yields that the molecular b-axis is
oriented along the [100] directions of the substrate with a slight
misorientation of ® = £1.55°. This also corresponds to an
equivalent orientation along the (100) directions of the PFP
c-axis due to the perpendicular angle between the b- and
C-axes in the PFP unit cell. The epitaxial alignment of the film as
well as the slight misorientation are attributed to the nearly
perfectly equivalent values of the PFP ¢-axis (4.49 A) and the
distance of two sodium atoms along the NaF (100) directions
(462 A).

Supplementary Figure 2B presents the X-ray diffraction
patterns of PFP deposited on KCI(100). Here, the (102) peak is
observed, which corresponds to a lying orientation of the
molecules. An evaluation of the azimuthal distribution of
(012) and (01—2) peak intensities yields that the molecular
b-and d-axes are oriented along the substrate's (110) directions.
Due to the very good agreement of the distance between two
potassium atoms along (110) (dy, 445 A) and the molecular
b-axis (4.49 A), this alignment is found without additional splitting
along the surface direction. The adoption of a recumbent orien-
tation on this surface is attributed to higher order commensur-
ability in another direction: 15dyx = |4dprp — 2Cprp|- As a con-
sequence, it is possible to address the individual transition
dipole moments along the three crystalline axes in PFP within
these domains, as it has been previously exploited to character-
ize the vibronic Davydov splitting.3* More details on the struc-
tural characterization are presented in ref 16.

Due to their relative rotation by 90° resulting from the 4-fold
symmetry of the substrate, the signals from the different do-
mains average each other out in polarization-resolved measure-
ments of the ensemble with low spatial resolution. However, the
size of the single-crystalline regions is sufficient to allow the
exclusive illumination of individual domains when the spot
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diameter is small enough. As our setup comprises typical spot
diameters of less than 30 um, such polarization-resolved mea-
surements and therefore exact correlations between molecular
arrangement and spectroscopic signature are possible. The
differences in the absorption signatures arise from the distinct
orientation of the transition dipole moments corresponding to
the individual excitations; consequently they lead to a clear
color contrast in polarized optical microscopy revealing the
large individual domains (Figure S2E and F).

Femtosecond-Pump Supercontinuum-Probe Spectroscopy. We per-
form ultrafast polarization-resolved pump—probe experiments
at room temperature, with sub-300 fs time resolution to study
the carrier relaxation dynamics. The schematics of the experi-
ment are sketched in Supplementary Figure S3. The laser source
driving the pump and probe is a regenerative 100 kHz Ti:
sapphire amplifier system. The samples are excited by strong
pump pulses generated in an optical parametric amplifier tuned
to 2 eV, corresponding to the gap between the HOMO and the
LUMO of the single molecule.'”'® The photon flux is set to 4.5 x
10" photons/cm? per pulse. A weak femtosecond-white-light
supercontinuum is used as a probe. It is generated in an
yttrium—aluminum—garnet crystal using a small fraction of
the fundamental 800 nm pulse intensity. The linear polarization
of both arms, i.e., pump and probe, is defined by combinations
of two Glan-laser-type polarizers and broadband half-wave
plates set to the desired angle with respect to the plane of
incidence before they are focused onto the sample. This way,
polarization contrast better than 1000:1 is ensured in both
cases. Furthermore, the angle of incidence of the pump pulse
is kept small, so that out-of-plane excitations are negligible.

The linear absorption at the excitation energy 2 eV is nearly
degenerate for the b- and the c-axis. Therefore, for all experi-
ments, the pump pulse is kept linearly polarized along the
b-axis. The probe polarization is adjusted by checking the
spectral shift of the fundamental transition in the transmission
spectrum (cf. Figure S8). The maximum blue-shift in this transi-
tion corresponds to the b-axis response of the crystal. Moreover,
the amount of shift as well as the line width of the fundamental
transition are very good indicators of the domain quality. The
orientation of the probe pulse polarization allows for the
correlation of structural properties and electronic excitation.
Its polarization is thus set parallel to the b- and c-axes for the
samples grown on NaF and along the a- and b-axes for the
samples grown on KCl.

After passing through the sample, the probe is dispersed in
a spectrometer with a spectral resolution of 1 nm and is de-
tected by a thermoelectrically cooled silicon charged coupled
device camera (1064 x 120 pixels) cooled to —30 °C. The
change of absorption is measured by opening and closing the
pump and probe arm with mechanical shutters.
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