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Ultrafast electron dynamics in excited states
of conjugated thiophene—fluorene organic
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The electronic states of poly(9,9-dioctylfluorenyl-alt-bithiophene) pF8T2 on H/Si(100) substrates, proto-
typical for organic photovoltaics, were investigated by ultrafast photoelectron spectroscopy and by
time-resolved fluorescence studies. Occupied and unoccupied electronic states were analysed by ultra-
violet photoelectron spectroscopy (UPS), static and dynamic femtosecond two-photon photoemission
(2PPE), and time-correlated single photon counting (TCSPC). Time-resolved measurements allow
assessment of population lifetimes of intermediate states. The combination of time-resolved
photoelectron spectroscopy and fluorescence excitation allows following the electronic dynamics in
excited states from the femtosecond to the nanosecond time scale. For this prototypical material the
electron kinetic energy resolved lifetimes range from about a few tens of femtoseconds up to hundreds
of picoseconds. After annealing these types of organic thin films the efficiency of organic solar cells
usually increases. We show that annealing does not influence the initial ultrafast charge generation
processes, but the long-lived states. However, the nanosecond scale fluorescence lifetimes measured by
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TCSPC are prolonged after annealing, which therefore is identified as the cause of a greater exciton
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Introduction

In the last decade, conjugated polymers have drawn increasing
attention as materials for organic optoelectronic devices.
Advanced research activities in organic solar cells, organic
light-emitting diodes (OLED), and organic field effect transis-
tors (OFET) promise low-cost solution processes and advanced
fabrication methods using donor-acceptor (D)-(A) polymers. To
unlock the large potential of organic semiconductors, a direct
assessment of the electronic dynamics can guide molecular
design development. One of the many advantages of conju-
gated polymers is their solubility in organic solvents, which
offers the possibility of processing directly from a liquid
solution.™®
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diffusion range and thus is beneficial for charge carrier extraction.

Poly(9,9-dioctylfluorene-alt-bithiophene) (pF8T2) serves as a
model system for various research approaches to improve the
understanding of electronic dynamics in organic semiconduc-
tors. The polymer can be modified by addition of different
side chains, which has great influence on the arrangement
of the molecules in devices and thus also directly on the charge
carrier mobility in the final thin film. Further, there are several
possibilities to combine different heterogeneous compounds
with this polymer to increase the efficiency of organic semi-
conductor devices. Recently organic photovoltaic devices with
power conversion efficiencies between 6% and 16% were
reported.””*°

The F8T2 molecule is a highly researched and widely used
representative of fluorene copolymers and a fundamental and
adaptable feedstock as donor material in semiconducting
organic blends." > Fluorene-based polymers are more stable
than thiophene based polymers.>®> Roozbeh et al. recently
showed that it is possible to process F8T2 with water or ethanol,
thus providing an environmentally more preferential synthesis
step.'® Fenwick et al. built OFETs containing F8T2 and reached
a field-effect mobility of 2.1 x 1072 em®> V' s7' in the satura-
tion regime.>* Besides the production from simple drop-casting
and spin-coating,”® thin film transistors from F8T2 have also
been printed, thus opening up a complete new processing
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technique," easily extendable to large area fabrication. For pure
F8T2 thin film transistors, Sirringhaus et al. reported mobilities
of 0.01-0.02 cm® V™' 57" which reflects the strong n-r inter-
chain interactions.’ On the basis of pF8T2, OLEDs have
already been produced, which achieved an optical output power
of 45 uW at 15 V emitting in the green spectral range.”® Another
promising property is the possibility of circularly polarised
luminescence, a feature that has been investigated by Duong
and Fujiki.*” Recently, this material has been employed by
Fuchter and co-workers for the generation of circularly polar-
ized light based on an injection of electrons with orbital
angular momentum (OAM) which yields opposite helicity of
the light emitted in opposite direction.*®™°

In reverse, polymer solar cells can benefit from the large
absorption in the blue spectral region and, together with a
potential acceptor, cover a wide part of the solar spectrum.*
A current density of 0.23 mA cm~> has been measured for
pF8T2-based polymer solar cells.”® Yasuda et al. reached a
conversion efficiency of 2.28% with a F8T2:PC70BM organic
photovoltaic cell."® Currently, great efforts are pursued to
further increase the photovoltaic efficiency by modifying the
sidechains of F8T2,*> or by using Forster resonant energy
transfer in combination with suitable acceptor materials,' e.g.,
nanoparticles.*!

As an alignable liquid crystalline semiconducting polymer,
new opportunities are opening up in the design of organic
(opto-)electronic components. Through contact-free photo
alignment, Sakamoto et al. showed its potential as integrated
OFETs with spatially aligned active layers, where the =n-
conjugated orbitals were mainly extended along the backbone
structure in pF8T2.%* One of the first conjugated polymer FET
on the basis of F8T2 was reported by Sirringhaus and co-
workers. Therein they pointed out the polaronic nature of
charge transport and referred to the competitive characteristics
between electron delocalization over the molecular backbone,
the electron-phonon coupling, and the disorder in the polymer
thin film."'"'>'* This polaronic nature is mainly of intrachain
character and can be explained by an isolated chain model,
whereas for thiophene based polymers, e.g. P3HT, interchain
interactions are evident.'?

The fundamental change in the electron configuration of the
PF8T2 polymer, as opposed to the individual components, was
demonstrated by Santos et al. by comparing the spectroscopic
properties of pF8T2 and PFO:P3HT blends.** They observed
that the fundamental properties of dioctylfluorenes and bithio-
phenes can no longer be observed in a pF8T2 film and thus the
electron configuration of the D-A conjugated polymer is com-
pletely reconfigured.

Despite the large body of works in using prototypical pF8T2
films or various applications the underlying fundamental elec-
tronic processes still lack a detailed understanding. Therefore,
in this contribution we want to provide a deeper insight into
the electronic configuration and electronic dynamics of pF8T2
on the shortest time scale. In general, femtosecond time scales
have only been scarcely addressed for polymeric thin films
in the past.”>**?>% First, we report the relative energetic
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positions of occupied and unoccupied states, which influence
the charge injecting barriers from electrodes for possible
devices based on pF8T2. The lifetimes of the excited charge
carriers have a direct influence on the basic processes of
organic semiconductors. It is therefore essential to identify
the electronic dynamics right after excitation. Time-resolved
two-photon photoelectron spectroscopy allows to assess also
states which do not show fluorescence. It has been shown
that annealing deposited films increases the efficiency in
(opto-)electronic applications.'?**' In order to assess the
underlying microscopic processes, we compare in this work
the electronic dynamics of pristine thin films as deposited and
those which have been annealed in vacuum from the ultrafast
carrier generation up to the fluorescence of long-lived states.

Experimental set-up

The conjugated polymer pF8T2 was prepared according to
previous reports.'>"* The molecular weight was determined at
150 °C with a GPC 220 high temperature chromatograph
equipped with an IR5 detector; polystyrene was utilized as the
calibration standard and 1,2,4-trichlorobenzene as eluent
(1.0 mL min~"). The M, (weight-average molecular weight)
and PDI (polydispersity) of pF8T2 were measured to be
163 kDa and 1.7, respectively. The HOMO energy value is
estimated at Eg = —5.5 eV with respect to the vacuum energy,
as deduced from cyclic voltammetry. The LUMO is estimated at
Ep =
monomer unit is shown in Scheme 1.

The polymer was dissolved in toluene at 60 °C (7 mg per ml).
The solution was spin-coated onto an HF-treated p-doped
Si(100) wafer with a resistivity of 1-5 Q cm. The HF-treatment
yields H/Si(100),*> and silicon avoids charging effects during
photoelectron spectroscopy. For all photoelectron spectroscopy
measurements, the samples were mounted in an UHV chamber
with a base pressure of p = 5 x 10~ ' mbar. The annealing
process up to 200 °C for 60 min where also performed in UHV.

—3.1 eV from the optical n-n* gap.”* A sketch of the

Absorption and emission spectra were measured thereafter in
air. For absorbance measurement thin films were prepared on
fused silica substrates and measured with a UV-Visible/NIR
spectrophotometer (Jasco V-770), see Fig. 1. Steady-state emis-
sion spectra were recorded on a fluorescence spectrometer
equipped with a xenon lamp (4 = 250-900 nm, FluoTime300
PicoQuant). Steady-state spectra and fluorescence lifetimes
were recorded in time-correlated single photon counting
(TCSPC) mode by using a PicoHarp 300 with a minimum base
resolution of 4 ps. All emission and excitation spectra were
corrected for source intensity (lamp and grating) according to

Scheme 1 Monomeric unit of pF8T2.
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Fig. 1 Normalized absorbance of pF8T?2 thin films on fused silica. In (a) pristine and annealed spectra are shown, (b) and (c) display the main peak with
background subtracted and Franck—Condon fits for as-prepared and annealed films. In cyan the fits for ordered H-like aggregated and in magenta those

for the amorphous phase are visualized.

standard correction curves. More details of the set-up for
emission spectroscopy are given in the ESL{ In order to gain
insight into the occupied electronic states, ultraviolet photo-
electron spectra (UPS) were taken in UHV using a helium lamp
(He-I line, Ephee = 21.2 eV) as light source and an energy
dispersive cylindrical sector analyser (Focus, CSA-300) for ana-
lysing the kinetic energy spectrum of photoemitted electrons.

For analysing the unoccupied states, first static and then
dynamic photoelectron spectroscopy with a femtosecond pulsed
laser source were implemented. For one-colour two-photon
photoelectron spectroscopy (2PPE) the output of a Ti:sapphire
laser system ( fiep = 6 kHz, E, = 1.4 m], 1, = 30 fs) was frequency
doubled by a 150 pm thick BBO crystal to obtain UV light with a
centre frequency of 2 = 390 nm (kv = 3.2 eV). Static photoemis-
sion was then carried out by focusing this second harmonic
radiation onto the sample mounted in an UHV chamber (base
pressure p =5 x 10~ ! mbar) to a spot diameter of approximately
d ~ 300 pm. The electron kinetic energy of the liberated
photoelectrons was analysed by a time-of-flight tube (eToF)
and detected with a delay-line detector (Surface Concept DLD
6565-4Q).

For ultrafast time-resolved measurements, a Mach-Zehnder
type interferometer splits the 4 = 390 nm pulses into two
identical partial beams. One arm of the interferometer is
delayed with a high-precision linear delay stage (Physik Instru-
mente, PI M-405.DG), providing a resolution of At =1 fs and a
maximal possible delay range of At = +167 ps. In the other arm,
the polarisation is rotated by a zero-order half-wave plate by 90°
before both partial beams are spatially superimposed via a thin-
film beam splitter. Due to different reflection losses the pulse
energies of the p- and s-polarised radiation amounts to about
55% and 45%, respectively. This collinear setup with crossed
polarisations prevents interference effects in the measurement.

4738 | Phys. Chem. Chem. Phys., 2024, 26, 4736-475]1

By self-diffraction autocorrelation, a duration for the UV pulse
of Tewim = (35 £ 2) fs was determined. For a detailed descrip-
tion of the setup also see ref. 43 and 44.

Temporally resolved spectra were recorded at 71 delays in
the femtosecond range from At = —500 fs to +500 fs. For each
delay 10 seconds of integration time were set, with five repeti-
tions; on every pass, the delays were selected at random to
distribute any long-term laser drift equally. The temporal
evolution of the molecular system is determined by summation
of the photoelectron counts within an interval of 200 time-of-
flight channels, which corresponds to approximately AE =
100 meV steps, depending on the kinetic energy of the photo-
electrons. For each of these energy steps the decay constants
are extracted by fitting the temporal evolution of the photo-
electron signal with a convolution of a Gaussian and
an exponential decay. The width of the Gaussian was set to
Ateross = 49 fs to represent the correlation of the two combined
laser pulses, as determined by self-diffraction autocorrelation.

On the same UHV system also a fiber laser source (ActiveFi-
berSystems, A = 1030 nm, repetition rate of 500 kHz, 40 fs pulse
duration), was employed for two-colour experiments. The 4™
harmonic (s-polarised, 4 = 257 nm, v = 4.8 eV) of this funda-
mental was generated by consecutive conversion in two BBO
crystals. Finally, the UV pulses were separated and recom-
pressed by a prism compressor. After compensation of the
optical paths, the 4™ harmonic is collinearly overlapped with
the frequency doubled output of a wavelength tuneable non-
collinear optical parametric amplifier (NOPA, Light Conversion
Orpheus N, 1 = 350-460 nm, hv = 3.55-2.7 eV, p-polarised). For
this experiment, the travel range of the linear translation stage
is limited by its precision to At = £60 ps. The pulse length of
the 257 nm radiation was previously determined to be Tgwawm =
70 fs using cross-correlation with the fundamental in BBO.

This journal is © the Owner Societies 2024
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Directly at the output of the NOPA the pulse length of the
fundamental of the NOPA is below 30 fs, so we assume that its
second harmonic tends to be shorter. Both pulses pass through
approx. 6 mm fused silica. The temporal resolution of the
system was determined to Tgwum = (68 £ 1) fs, using the
2PPE signal from hot electrons on an uncoated H-terminated
silicon wafer, see Fig. S1 (ESIt).

Results and discussion
Absorption

The optical absorption spectrum of the polymer film is shown
in Fig. 1. Besides deep-UV absorption a broad feature from hv =
2.4 to 3.7 eV (1 =517 to 335 nm) appears that contains at least
three distinguishable sub-maxima at hv = 2.54, 2.71 eV, and a
broader maximum in the higher energy shoulder of the main
peak at about 2.89 eV, which correspond to wavelength of
A = 488, 458, and 429 nm, respectively. For the pristine thin
film (blue) the first emerging vibronic replica (hv = 2.71 eV) is
slightly higher in absorbance than the energetically lowest
transition. This energy difference of about Ahv = 0.16-0.19 eV
is characteristic for C-C and C—C stretching vibrations. Also,
many benzene and other carbon related bond stretching fre-
quencies correspond typically to an energy difference between
Ahv =0.12 and 0.2 eV.***>*° On the blue side of the maximum
there is a shoulder, from the next higher vibronic transition(s).
Higher energy maxima appear above hv = 4 eV with peaks at
hv =4.16, 4.75, and 6.02 eV with increasing absorption strength
in the deep ultraviolet and at respective wavelength of 4 = 298,
261, and 206 nm. Similar spectra of a pF8T2 thin films were
previously reported, e.g., by Muenmart et al.*’ in the visible
spectral range, further the UV features below A =320 nm and at
/.= 210 nm were also observed.”®*® TDDFT calculations of
Damas et al. predict excitations between the HOMO-LUMO, as
well as between the HOMO—1-LUMO+1, that appear in the
absorption spectra at 4 = 455 and 353 nm, respectively (Ahv =
2.7 and 3.5 €V).*’ In these calculations, both excitations are
attributed n-n* character and exhibit the highest transition
probabilities. An assignment of the energy levels can be found
in Fig. 6. The regions of the measured LUMO and LUMO+1 are
indicated as grey boxes. On the right side the calculations of
Damas et al. are included as bars.

The vibronic broadening of conjugated polymers can typi-
cally be described by Franck-Condon fits depending on the
Huang-Rhys factor.>*™* For this purpose, we have isolated the
main peak in Fig. 1b and subtracted a background, see Fig. S2
(ESIT). To model the region between 2.0 and 3.9 eV, the super-
position of two Franck-Condon progressions is used. The first
(cyan) begins with the main peak at Eg, = (2.535 4+ 0.001) €V, a
vibrational separation of Ej = (0.178 £ 0.001) eV and a Huang-
Rhys factor of S = (1.05 £ 0.14). The second sequence
(magenta) starts at Ep, = (2.85 & 0.01) eV, a vibrational separa-
tion of Ep = (0.182 £ 0.007) eV and a Huang-Rhys factor
85 = (1.36 £ 0.22).
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View Article Online

PCCP

With the annealing of the thin film in the UHV the absorp-
tion spectrum changes, see Fig. 1. In particular, the main
absorption peak spans now a width from Av = 1.5 to 4 eV.
The two most prominent vibronic replicas at v = 2.49 eV and
2.67 eV show approximately the same height. Fig. 1c shows the
main absorption peak for the annealed thin film, analogous to
the as-prepared film, where the energetic positions of the (0-0)
transitions of Franck-Condon progressions with Eg, = (2.492 +
0.001) and Ej, = (2.788 + 0.006) eV are not significantly
changed (Ej = (0.177 £ 0.001) eV and Ej = (0.178 % 0.002 €V),
respectively). The Huang-Rhys factors of the lower energy
progression stays with S¢ = (0.98 + 0.06) close to one, but
increase to 85 = (1.67 + 0.08) for the higher energetic one.

In general, a red shift of the absorption spectra by annealing
is associated with a stronger interaction between the chains.
The thermal treatment allows a reorganisation in the thin
film layer, from which a closer stacking with correspondingly
stronger interactions follows.>* Annealing influences the mor-
phological structure, roughness and molecular ordering.*’
With annealing of pF8T2, the electron transport improves
due to the reduction of grain boundaries and an improved
interconnection.”® According to Ma et al. pF8T2 can undergo
different phase transitions during annealing: a glassy state at
100 °C, an amorphous elastic state around 130 °C, crystal-
lization between 150 and 200 °C, and an isotropic state above
310-330 °C.*"*%3¢ While annealing between 100 and 200 °C
improves the electronic and photovoltaic properties, higher
temperatures seem to reduce crystallinity and increase dis-
order, which has a negative impact on these properties.*'
A new absorption peak due to annealing was also observed
for the polymers P3HT and PFO, which is attributed either to
the formation of a B-phase or to J-aggregates.®” ®* An amorphic
part in the absorbance spectra was also observed previously for
related polymers,®*®° and particularly also in pF8T2.%° Follow-
ing this interpretation, we assign the two strongly represented
progressions to the ordered H-like aggregated (cyan) and
amorphic (magenta) phase. The fact that the annealing also
enhances the low-energy shoulder is attributed to the for-
mation of B- or J-aggregates, as observed before in pF8T2%°°
and other polymers.”” %

Photoluminescence spectra

The emission spectrum for pF8T2 on H/Si(100) after excitation
with a wavelength of 4 = 400 nm (hv = 3.10 eV) is shown in
Fig. 2. The spectrum basically resembles previous studies.>***%
Since the potential energy hypersurfaces of the ground and first
excited state are often quite similar in this type of molecules,
absorption and emission are commonly like mirror images of
each other, as in the present study. Nevertheless, considering the
size and complexity of the polymer electron system, the vibra-
tional modes in the ground and the first excited state S; can
differ slightly. The emission for the pristine sample (Fig. 2a)
begins at v = 1.7 eV and extends to just above 2.4 eV, with a
maximum at av = 2.22 eV. The fluorescence feature is composed
of two peaks at Av = 2.23 and 2.10 eV and two shoulders at hv =
1.97 eV and hv = 1.83 eV. In the absorption measurements,

Phys. Chem. Chem. Phys., 2024, 26, 4736-4751 | 4739
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Fig. 2 Normalized emission spectra (blue) after excitation at 1 = 400 nm
of pF8T2 thin films on H/Si(100) for (a) as-prepared and (b) annealed
samples. In red is shown the Franck—Condon fit, and in cyan the con-
tributions of the vibronic replicas.

see Fig. 1, the (0-0) transition was identified at about E,, =
2.5 eV. Notably, there is no discernible intensity at this energy
in the pristine emission spectrum. We conclude that for the as-
prepared sample the (0-0) peak is almost completely sup-
pressed, in accordance with the observations of Ma et al.>®
Spin-coated pF8T2 is presumed to form disordered H-like
aggregates with low or suppressed (0-0) transition.®®®® The
emission spectrum was modelled using a modified Franck-
Condon progression as outlined in eqn (S6) of the ESIL For the
emission spectra of aggregated films the exciton coherence
number « scales the (0-0) transition. Since this transition is
spin forbidden, the coherence number is set to o« = 0. Repre-
sented in cyan in Fig. 2a, the emission spectrum thus corre-
sponds to a Franck-Condon progression with Eg, = (2.370 =+
0.003) eV and separations of the vibrational transitions of
Ep =(0.134 £ 0.004) eV, where the Huang-Rhys factor assumes
Sy = (1.63 & 0.04). Accordingly, the vibronic (v'-v”) transitions
from (0-1) to (0-N) occur at wavelengths of 1 = 556, 590,
629, 678 nm (hv = 2.23, 2.10, 1.97, 1.83 €V). There is still a
discrepancy in the energy of the (0-0) transition between
absorption and emission spectra. This characteristic red shift
in the emission spectra is a commonly observed phenomenon
in this type of polymers.>?

After annealing the sample, the emission spectrum broad-
ens, see the graph in (Fig. 2b). The Huang-Rhys factor increases
with annealing and a contribution from J-aggregates arises.
The previously almost completely suppressed (0-0) transition
becomes now visible through the J-aggregate centred at Av =
2.4 eV. The emission spectrum extends thus on the blue side up
to hv = 2.6 eV. The maximum emission intensity shifts from
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hv=2.25 eV to the next vibronic transition at about ~v=2.11 eV.
On the red side, the relative intensities of transitions to higher
vibrations in the electronic ground state increase significantly,
which leads to a Huang-Rhys factor of S = (2.62 £ 0.02). For
both cases, pristine and annealed, the spectra cannot be
sufficiently described by a classical Franck-Condon progres-
sion. A modified progression with a scaled (0-0) transition
according to eqn (S6) in the ESL ¥ is fitted. This scaling factor
o is correlated to the disorder and spatial correlation length, see
also Franck-Condon Fit section in the ESL{ ®® From such a fit
we deduce o = 0 for the as-prepared film and « = (0.69 £ 0.05)
for the annealed film. A description of the fitting procedure and
a summarizing Table S1 are given in the ESI,{ together with the
evaluation of the emission spectra of the thin films prepared on
H/Si(100) and fused silica substrates, Fig. S3 (ESI{). The
observed difference between the Huang-Rhys factors between
absorption and emission is not unusual, further annealing can
also change the peak positions and widths somewhat.”®

According to Kettner et al. the ratio of I*%/1®Y « 1, as for
the as-prepared sample, indicates strong intermolecular cou-
pling, and a slightly higher ratio of closer to 1 indicates order
up to a certain degree.** For both films in Fig. 2a, a measured
value of o < 1 indicates a predominant side-by-side
H-aggregate packing.” Wang and Rothberg also describe a
similar connection between the suppression of the (0-0) signal
and the H/J aggregation and interchain coupling.”” A self-
organized phase arising due to relaxion and re-ordering of
the chains during the annealing process, in turn, promotes
strong interchain coupling and resulting in longer exciton
lifetimes, and was attributed to J-aggregates.>® The fraction of
the non-aggregated polymers present in the absorbance spectra
in Fig. 1 is not observed in the emission spectra in Fig. 2, we
therefore assume a very efficient and ultra-fast energy transfer
from the amorphous to the ordered phase. It has been observed
previously that in this way even small portions of a phase in the
thin layer can dominate the emission.’>®> The optical absor-
bance and emission spectra presented here demonstrate that
the samples were prepared and exhibit the anticipated beha-
viour in accordance with the existing literature. Therefore,
the static and ultrafast photoelectron spectra measured and
discussed below represent results for typical spin coated
pF8T2 films.

Occupied states

The energetic position of occupied electronic states was deter-
mined by UPS. A typical spectrum obtained with a He-I source
is shown in Fig. 3. For the pF8T2/H/Si(100) system the valence
band maximum (VBM) is located at Eg = Eygy — Evac = —5.5 €V
below the vacuum level with the centre of the HOMO at Ey =
—5.6 eV. The arrows in Fig. 3 indicate different states which
were determined from the 1% and 2" derivatives of the UPS
spectra. The corresponding HOMO—1 is poorly pronounced,
has a binding energy of Ez = —6.5 eV and is closely accom-
panied by another state at Eg = —6.7 eV. In addition, three more
states can be identified at Eg = —7.5 €V, —8.8 eV and —10.4 eV
with respect to the vacuum energy. Deeper lying states at

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00502j

Open Access Article. Published on 22 January 2024. Downloaded on 12/5/2025 12:59:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

intensity in cts

102 : : :
15 -10 5

E-E in eV

VAC

Fig. 3 He-I UPS from pF8T2 thin films on H/Si(100). The occupied
states located at E — E,oc = —5.6, —6.5, —6.7, —7.5, —8.8, —-10.4, —13.4
and —14.9 eV below vacuum level are indicated by the black arrows.

Eg = —13.4 eV and —14.9 eV probably correspond to the o-
bonds. Calculations by Damas et al. reveal that the state at Eg =
—5.6 eV can be assigned to equal shares to thiophene and
fluorene, while the state at Eg = —6.5 €V is formed mainly by
thiophene.”® The calculated density-of-states increases steeply
to larger binding energies, which also is supported by the UPS
measurement. Theoretical calculations by Kurban predict the
occupied states at Eg = —5.6, —6.4, —6.7 and —7.5 eV, which
agrees quite remarkably with the experimental values pre-
sented here.”®> The four uppermost states that we assign to
the m-states are included as brown bars in the schematic
energy level overview, see Fig. 6. We observe a good agree-
ment between the experimental results and the theoretical
predictions.
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Unoccupied states

Single-colour two-photon photoelectron spectroscopy was per-
formed with the frequency doubled output of the NOPA. The
central wavelength was decreased in A4 = 10 nm (Ahv = 60—
100 meV) steps between 4 = 460 and 350 nm. The photoelec-
trons collected at each wavelength setting were accumulated
over ¢ = 300 s. Fig. 4 shows the measured photoelectron spectra
at each photon energy, with an exponential background sub-
tracted, see Fig. S4 (ESIt). The spectra excited by photon
energies between Av = 2.7 and 3.1 eV (4 = 460-400 nm) reveal
a broad peak around a kinetic energy of Ey;, = 1 eV, which is
well described by two Gaussian curves, see Fig. S5 in the ESL
The maxima A and B of the Gaussian fits are marked with
circles in Fig. 4a. The dashed lines indicate that their centre
steadily evolves towards higher kinetic energies as the exciting
photon energy increases. We find peaks A and B only for
photon energies smaller than Av = 3.1 eV. Presumably due to
different effective cross sections during the excitation of the
corresponding occupied and unoccupied states, A and B vanish
into the background for larger excitation energies. At photon
energies of hv = 3.1 eV and higher a new feature at low electron
kinetic energies evolves, see Fig. 4a and b. Again, this peak can
be well described by two Gaussian components, see Fig. SSh-m
(ESIt), which we denote C and D in Fig. 4b. The maxima of the
features C and D are marked with diamonds in Fig. 4b, and also
evolve to higher kinetic energies with increasing photon energy.

The energetic evolution of states A to D is shown in Fig. 5
where the kinetic energy of photoelectrons is plotted versus the
photon energy. For each state the slope as a function of photon
energy is determined via a linear regression, Fig. 5a, which yield
my = (0.8 £ 0.3), mg = (2.1 £+ 0.5), mc = (1.2 £ 0.3) and mp, =
(2.0 £ 0.4). A slope of m = 1 indicates that one photon of the
two-photon process populates an unoccupied state and the
second one liberates the electrons from this state. A slope of

2.88eV

photoelectron intensity

2.76eV
2.70eV

L M31oev

0 0.5 1 1.5 2
electron kinetic energy in eV

2.5

0 0.5 1 1.5 2
electron kinetic energy in eV

2.5

Fig. 4 One-colour two-photon photoelectron spectra of pF8T2 thin film for photon energies between (a) hv = 2.70 and 3.1 eV (1 = 460-400 nm), and
(b) 3.10-3.54 eV (4 = 400-350 nm). An exponential background was subtracted from the spectra. The markings correspond to the peak positions
approximated by Gaussian curves. For photons energies larger than hv = 3.1 eV, the states C and D dominate, so that A and B can no longer be identified
in the background. The dotted lines are a guide for the eye to follow the course of the corresponding maxima. Note that the individual traces are offset in
the intensity scale for better visibility. The individually fitted graphs can be found in Fig. S5 (ESI+).
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(a) Peak positions as a function of photon energy and the slope of a linear regression. (b) Integrated photoelectron signal vs. pulse energy for

pF8T2 thin film measured with an excitation at 4 = 460 nm, showing a cubic dependence in the pulse energy range applied.

m = 2 implies that two photons without an intermediate state
liberate the electrons from an occupied or from a previously
populated state. Together with the kinetic energy of the photo-
electrons, this permits to localise the binding energy of the
states with respect to the vacuum energy.

State A shows a slope of m, = 0.8, and together with its
kinetic energy of Ey;, = 0.7 €V at Av = 2.76 eV a binding energy of
state A with respect to the vacuum level of Ef ~ —2 eV is found.
This state can thus be identified with the LUMO+1, see Fig. 6.
For state B we observe a slope of my = 2.1. This means that two
photons are required to emit electrons out of state B. Together

! | o) YONEZAWE*
o | ] ryiton &

Polaron

VBM———— = =

optical UPS

Fig. 6 Energy level diagram with binding energies of the unoccupied
states involved A, B, C, in red, the occupied state D from one colour 2PPE
or He-lI UPS, and the valence band maximum in green. The states in
orange are derived from the absorption spectra. (*) In blue are the
experimental determined polaron and exciton from Yonezawa, and in grey
the adapted states from the calculations of Damas et al. and Kurban
et al.*®4°73 Arrows indicate excitation pathways at the given wavelength.
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with the kinetic energy of Ey;, = 1.2 €V at Av = 2.76 €V we arrive
at an energetic position of state B of Ej = —4.3 €V below the
vacuum level. Altogether, a three-photon process liberates these
electrons. That is also consistent with the cubic intensity
dependence of the photoelectron signal, see Fig. 5b and also
Fig. 10a. That locates the occupied state from which the
electrons originate at Eg & —7 eV, which is in good agreement
with the occupied states measured with UPS, see Fig. 6. This
observation witnesses the excitation of an unoccupied state at
about 1.2 eV above the VBM, which is temporally occupied by
one photon from the n-states around Ez ~ —7 €V and then
liberated with two simultaneously arriving photons. Such an
energy of about 1 eV above the VBM is typical for excitons and
polarons in organic semiconductors. By employing transient
absorption spectroscopy, Roozbeh et al. documented a broad
excited state absorption (ESA) band in the near infrared
between A = 800 and 1350 nm centred at A = 1020 nm (hv =~
1.22 eV) for F8T2 nanoparticles."® Such a state corresponds to a
binding energy of E5* = — 4.3 eV with respect to the vacuum
level, and thus matches very well the state B observed here.
Yonezawa et al. also reported an exciton with an absorption at
A = 800 nm and a photoexcited donor polaron around 4 =
700 nm from an F8T2 film in this energy region, which would
correspond to binding energies of Ex &~ —3.8 and —4.0 eV,
respectively.?® Since the photon energies from transient absorp-
tion measurements do not yield directly the binding energies
of states, we proceed with the supposition that an CT-exciton
or polaron is formed symmetrically within the bandgap.” The
ESA then originates from the CT-state, previously being popu-
lated from occupied states, and terminates at the S;/LUMO.
Therefore, the photon energy of the ESA provides a measure of
the energetic position relative to the LUMO. We added these
states from the transient absorption measurement of Yonezawa
et al. to Fig. 6.

The states C and D only show up at higher photon energies,
indicating the onset of a significantly more efficient 2PPE
process, which is now possible due to the higher photon
energy. State C with a slope of m¢ = 1.2 indicates an unoccupied
state of about E§ = —2.8 eV below the vacuum energy. This
position is thus in good agreement with the LUMO and
its higher vibronic states, also identified in the absorption
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measurements, see Fig. 1. In contrast, we suggest that signal D
is caused by occupied states around Ep = —6.0 eV, thus 0.5 eV
below the VBM, because it shows a slope of my, = 2.0 for a direct
2PPE process. In summary, we thus assign process A to the
excitation into the LUMO+1, B to an excitonic or polaronic
property, C to the LUMO, and D to the directly excited highest
occupied molecular states. The positions of these states are
shown in the overview in Fig. 6.

Two-colour 2PPE excitation

In order to investigate the temporal dynamics of the lowest
unoccupied states, we choose a two-colour two-photon process
with Jpump = 460 nm (kv = 2.7 eV, p-polarised, P = 2 nJ) and
Zprobe = 257 nm (hv = 4.82 €V, s-polarised, P ~ 100 pJ). As can be
seen in the schematic energy level diagram in Fig. 6, the photon
energy of iv = 2.7 eV is well suited to excite electrons from the
VBM into the LUMO. The fourth harmonic (1 = 257 nm) of the
fundamental laser radiation with hvpope = 4.8 €V can then
excite the electrons from the LUMO into the vacuum. Electron
kinetic energy spectra of the two-colour experiment are shown
in Fig. 7. The blue curve represents the photoelectron spectra at
a delay of At = (140 + 10) fs after the temporal overlap of pump
and probe pulses, where the 2PPE signal is most intense. The
red line shows the measured signal when the /, b = 257 nm
probe pulse arrives first. Comparing the spectra on the loga-
rithmic plot, a feature becomes evident at a kinetic energy of
about Ey;, ~ 1.55 eV. From this kinetic energy we deduce that
the state which emits the photoelectrons shows a binding
energy of about Egz = —3.25 eV. It is thus slightly vibronically
relaxed by about AE = 0.45 eV from the initially excited one.
This is in good agreement with the lowest vibronic state of the
LUMO determined by absorption and emission, see Fig. 6. This
intensity maximum is located on top of a photoelectron spec-
trum which is otherwise dominated by secondary electrons.
The photoelectron spectrum extends to a kinetic energy of
Eyin = 2.1 eV, which corresponds to the energy of those electrons
which are directly released by a two-photon process from the
VBM with the combined photon energies of pump and probe
pulses.
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After annealing the sample for 60 minutes to 200 °C in UHV,
we directly repeated these measurements; the photoelectron
spectra are shown in Fig. 7b. Apart from a slightly increased
photoelectron signal across all kinetic energies, there is essentially
no difference in the shape of the photoemission spectra after
annealing. After annealing the 2PPE signal is more pronounced
for kinetic energies greater than Ey;, = 1.9 eV. The shape of the
spectrum does not allow a clear separation of different states.
Presumably, the probe pulse interrogates a mixed excitation of the
exciton and the LUMO. This is probably due to the energetic width
of Ahv = 0.1 eV of the pulses and also to the amorphous layer of
molecular chains due to the spin coating technique.

Time-resolved two-colour 2PPE excitation

The time dependence of the recorded 2PPE signal shows a
sharp rise after At = 0 ps, and then it decreases exponentially.
Fig. 8 plots exemplarily this 2PPE signal for photoelectron
kinetic energies of about Ey;, = 1.6 eV, the region which we
identify with the LUMO. The population decay can be described
by an ultrafast lifetime 7; < 500 fs, a short lifetime of 7, < 3 ps
and a longer decay time of about 7; &~ 10 ps. In addition, the
decay curves contain a long-lived component that lies outside
the measurement range. We adapt this very long-lived compo-
nent of 7, = 150 ps from the following TCSPC measurements.
However, any lifetime 7, > 100 ps is suitable to describe the
data sufficiently, without further effects on the shorter life-
times. The signal ILppr was therefore fitted with a fourfold
exponential decay convoluted with a Gaussian; where 7, repre-
sents the corresponding decay time, 4; represents the relative
contribution to the signal, At is the temporal delay, 7, is the
temporal zero where both pulses overlap, and t,, correlates to
the width of the cross-correlation of both pulses.

At — At — 19 — 12
Ippg ~ ZAk exp( Trk TO) (1 + erf <%\/§Tp/u>>
k P
1)

For the annealed case, the results are also shown in Fig. 8 and
are represented by red crosses. The decay times derived are

> a) as-p'repared‘ b) annéaled
2
2 10°
=
[
o
8 40t
g AT
% = max
'S_ = AT~1Ops
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Fig. 7 Electron kinetic energy spectra of pF8T2 thin films excited with Zgump = 460 nm (p-polarised) and Ayrope = 257 Nm (s-polarised) for the (a) pristine
and the (b) annealed samples. The traces show the spectra for a delay belonging to a probe pulse arriving first on the sample (red line) and corresponding

to the maximum 2PPE signal at a delay of about At = 140 fs (blue line).
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Fig. 8 Time-dependent 2PPE signal of the electron energy region Eyin, =
1.6 eV. With open circles (o) for as-prepared and crosses (+) for annealed
samples. The black line is a four-exponential fit to the as-prepared data
points, see Table 1. The inset shows a zoom around g, with a rise time of
tcx = (74 £ 15) fs. The red and blue arrow mark the corresponding delay
times of the spectra shown in Fig. 7.

given in in Table 1. Within the uncertainty there is no signi-
ficant difference in the decay times before and after annealing
in a range of the delay time up to about At = 55 ps. For
conjugated polymers it is sometimes common to use a stret-

ched exponential function lppg ~ exp(Ar/r)ﬁ . This describes,
e.g., a Forster resonant transfer (f = 1/2) or a transport of
excitons in inhomogeneous films."*>7°”® However, Fig. $9
(ESIT) shows that this model deviates strongly for delays At >
10 ps from the experimental data.

In Fig. 9 the evaluation of the lifetimes over the entire energy
distribution is shown, see Fig. S6-S8 (ESIt) for individual fits,
residuals and relative amplitudes. We observe a slight but
systematic increase of 7 for decreasing Eyn, I.e., for states with
larger binding energies. Furthermore, the population decay
does not appear to change significantly after annealing, and
no significant change in decay times can be measured within
the statistical uncertainty. The early formation of charge car-
riers or the process of their formation is accordingly not
changed by annealing. Consequently, the process seems to
depend neither on the optimized surface nor on the restructur-
ing of the molecules, but is rather a phenomenon within
the conjugated donor-acceptor molecules themselves. Similar
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Fig. 9 Development of the lifetimes deduced from tr-2PPE spectra
recorded with Zpump = 460 nm and Zpope = 257 nm, in intervals of
AEyin = 0.1 eV. The data points at Ey, = 2 eV were integrated over
AEyn = 0.2 eV due to low intensity. (o) For the pristine and (+) for the
sample 60 min annealed to 200 °C. 74 is shown in blue, 7, in green, and 73
in purple. The dashed lines represent the +1o interval of the fit values.
Depicted in grey is the spectrum for the case where both pulses are
superimposed in time, see Fig. 7.

observations of a non-existent or only weak effect on the
dynamics of the excitonic states by different pre-treatments or
post-treatments, such as annealing, have been reported before
for conjugated polymers.**7%78?

In Fig. 6 we suggest possible decay processes for excitation at
Jpump = 460 nm as probed by Aprope = 257 nm indicated by
waved arrows. The pump pulse excites electrons from occupied
states near the VBM into higher vibronic levels of the LUMO.
The electrons liberated by the probe pulse thus have a kinetic
energy of Ey;, =~ 2 eV. These higher excited states decay into
energetically lower levels of the LUMO, the energetically lowest
is located at Eg = —3.3 eV, see Fig. 6. We suggest that the decay
from the excited vibronic levels of the LUMO corresponds to the
ultrafast decay time 7, &~ 100-300 fs at this kinetic energy, see
Fig. 9. Electrons emitted from the energetically lowest vibronic
LUMO level possess a kinetic energy of about Ey;, = 1.6 eV. This
state appears to persist for about 1-3 ps and then decays
further, as is described by 7,. The longest lifetimes of 7; ~
10 ps are typically attributed to excitonic excitations, as dis-
cussed below. Photoelectrons originating from an excitonic or
polaronic state appear at kinetic energies in the range of Ey;, =
0.5-1 eV for the photon energies employed here, as denoted in
Fig. 6 by the black dashed arrow.

After the photoexcitation of the thin film by A,ymp = 460 nm
into the LUMO (or the next higher vibronic replica), an exciton
begins to form; this process was summarized recently by
Barford.®* Therefore, the multi-exponential decay is a compo-
site result of diverse self-localisation processes, which take

Table 1 Lifetimes of pF8T2 measured with Apump = 460 Nm and Zpope = 257 Nm for as-prepared and annealed samples in the energy regions of the
LUMO at Eyi, = 1.6 €V, see also Fig. 8. Relative amplitudes are given in parenthesis

7, in ps

T, in ps

73 in ps 74 in ps

As-prepared
Annealed

0.32 + 0.05 (41%)
0.34 & 0.04 (40%)

“ 1, =150 ps was fixed in the fit.

4744 | Phys. Chem. Chem. Phys., 2024, 26, 4736-4751

1.9 + 0.5 (37%)
1.8 + 0.3 (40%)

8 + 3 (14%)
9 + 2 (13%)

150 (7%)"
150 (7%)°
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place on distinct temporal scales. Within a time frame of
100-200 fs, the self-localization from so-called quasi-extended
exciton states to local exciton ground states is primarily
induced by coupling to the surrounding environment. Slightly
longer up to 10 ps takes the localization due to coupling of the
exciton to several bond rotations of the polymer. The next
longer lifetime of about 73 & 10 ps would then already describe
the stochastic intrachain diffusion of excitons including skip-
ping and crawling motions. The term “skipping” describes a
thermally activated process of a momentarily excited exciton
into a more delocalized state before it stochastically collapses
again into another chain segment. “Crawling” are adiabatic
motions of the entire exciton along a polymer chain. In a more
general picture, the local excited state or Frenkel-like exciton is
formed, which decays within about a few hundreds of femto-
seconds via vibronic coupling into a (intramolecular)
charge transfer state with a lifetime of typical a few pico-
seconds.*®*?#4758 Diag et al. attributed longer lifetimes of about
one to two picoseconds to the stabilization of an intramolecular
charge transfer state for polyfluorene copolymers.®® Yonezawa
et al. recently applied femtosecond transient absorption
spectroscopy at an pF8T2 film and proposed an exciton lifetime
of about 7 = 2.7 ps (absorption at 2 = 800 nm) and the existence
of a photoexcited donor polaron (absorption at A = 700 nm)
with a millisecond lifetime."****® In a study of the fluorescence
decay of F8T2 dissolved in methylcyclohexane by Rodrigues
et al., lifetimes around 20-40 ps were attributed to solvent/
conformation relaxation or intramolecular energy transfer from
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non-ordered to ordered chain segments.®” It is conceivable that
these intrachain processes within the film are reduced to a few
picoseconds. Thus, the lifetimes 7, and 75 observed here are in
good agreement with the previously measured picosecond
decay processes. In addition, we show an ultrafast initial decay
in the range of three hundred femtoseconds for pF8T2. Photo-
luminescence lifetimes of 38 and 180 ps have been measured by
Mbarek et al., both attributed to excitonic excitations.?® In the
thin film it is also possible that there are multiple non-radiative
additional decay paths. They are in competition to exciton
formation. This migration of the exciton likely exhibits a
multi-exponential behaviour, and is therefore a parallel process
to the longest lifetime represented by tr-2PPE. The approxi-
mately 150 ps are on a characteristic timescale for processes
including Forster resonant transfer processes.®’ The back-
ground we subtracted could indicate an extremely long-lived
state, much longer than the inverse repetition rate, 1/f;c, = 2 us,
e.g., long-living polarons as reported earlier.'®>**%89%9 Thege
states were also observed in several other conjugated polymers
and frequently attributed to non-emissive polarons arising
within the first hundred femtoseconds in parallel with other
photogenerated species, e.g. excitons and charge transfer
states."*?17%%

Static 2PPE at 390 nm

We further employed the second harmonic of a Ti:sapphire
femtosecond pulsed laser centred around /4 =390 nm (hv = 3.18 eV,
Trwam = 35 fs), to excite the polymer films. In Fig. 10a the
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Fig. 10 Static and dynamic photoelectron spectroscopy measurements of a
suggests a three-photon process below 30 nJ and a two-photon process for
with £ = 4.4 and 3.6 nJ, respectively (c) Time-resolved 3PPE measurement

pF8T2 thin film. (a) Dependence of the PE signal on the pulse energy. The fit
higher pulse energies. (b) PE spectra for p- and s-polarised radiation excited
obtained with cross-polarised laser pulses at Ey;, = 0.49 eV with lifetimes

of 122 fs for the left and 166 fs for the right side, for a combined excitation pulse energy of E = 8 nJ. (d) Lifetimes for left (blue) and right (red) side of the

tr-3PPE signal for varying electron kinetic energies.
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dependence of the integrated photoelectron signal on the pulse
energy of the p-polarised excitation energy is shown. In double
logarithmic representation it is evident that initially the signal
shows a cubic dependence. At an excitation pulse energy of
Ep = 30 nJ (@ = 0.29 pJ cm™?), a sharp change occurs and a
second order dependence was observed. That indicates a
saturation of one of the excitation steps. A static photoelectron
spectrum for s- and p-polarisation is shown in Fig. 10b, with
applied pulse energies corresponding to Ep = 3.6 and 4.4 nJ,
respectively. The spectrum excited by p-polarised light resem-
bles that excited by the s-polarised light, but is seven times
more intense. In both cases the spectrum consists of a peak
with a maximum at Ey;, = 0.1 eV with a long tail to higher
kinetic energies up to just above 1 eV. This intensity differences
are partially be explained by different reflections of the exciting
light for s- and p-polarisation, being 3.5 times higher for
s-polarisation. The difference in intensity presumably results
from the fact that p-polarised light can also excite dipole
moments vertically orientated to the surface. Nevertheless, for
intrachain excitations, the dipole components along the poly-
mer chain usually predominates as, e.g., has been shown for
poly(9,9-dioctylfluorene) films (PFO).*°

Electrons originating from an occupied level just below the
valence band maximum of E — Ey,. = —5.5 eV, liberated directly
by a two-photon process through 4 = 390 nm radiation and only
including a virtual intermediate state, appear at Ey;, = 0.85 eV.
At about this energy, an intense shoulder is also observed in
Fig. 10b. The peak around Ey;, = 0.1eV is likely to contain a
large number of secondary electrons, this energy range would
also include electrons released with another photon from
higher vibronic states of the LUMO, see Fig. 6. The photon
energy of Av = 3.18 €V is not sufficient to probe the vibrational
lowest level of the LUMO.

Based on Fig. 10a, there should also be a three-photon
process. With this process, the LUMO+1 is probably populated
by two photons and is probed with a single photon. The blue
arrows in Fig. 6 indicate therefore a three-photon process
involving the LUMO+1, where the LUMO+1 is populated by
two photons from a lower occupied state and is ionized by
a third photon. Photoelectrons liberated by this process are
associated with a kinetic energy of Eyi, =1 eV.

Time-resolved 2PPE at 390 nm

For recording of the dynamical behaviour of the electronically
excited states, cross-polarised laser pulses were employed to
avoid coherence artefacts. The photoelectron spectra are eval-
uated as a function of the delay time between both pulses for a
range of At = +£500 fs. The intensities reveal an exponential
population decay which is completed within a few hundred
femtoseconds. Fig. 10c shows the evolution of the time-resolved
photoelectron signal at a kinetic energy of Ey;, = 0.49 eV. The
data show an asymmetric correlation function. We interpret
this observation as two lifetimes depending on the order of the
pulses. A slightly longer lifetime of t = 166 fs is observed when
the s-polarised pulse arrives first, and a shorter one of 7 =122 fs
for a p-polarised pumping pulse. The evaluation is therefore
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carried out for the left and right sides of the correlation
functions. Separated by time zero, the data points of each side
were fitted with a convolution of a Gaussian function (tgwm =
35 fs), which corresponds to the autocorrelation of the laser
pulses, and a single exponential decay. For the decay at negative
delays, when the p-pulse arrives first, the decay is completed
faster than for the positive delays for all the kinetic energy
intervals evaluated. This is presented in Fig. 10d, where the
lifetimes are shown vs. the electron kinetic energy in binnings
over 200 ToF channels, corresponding to approximately
100 meV steps, which slightly depends on the kinetic energy
of the photoelectrons. For both p- and s-polarisation, there is a
tendency for the lifetime to decrease with increasing kinetic
energy down to about, respectively, 64 fs and 80 fs at Ey;, =1 eV.
Furthermore, the two curves show a maximum of 140 fs and
200 fs for a kinetic energy between E;, = 0.15 and 0.3 eV.

The ultrafast lifetimes around E;, = 1 eV of about 7 = 60-80
fs are probably associated with the decay of the LUMO+1,
whereas the lifetime of T = 100-200 fs at low kinetic energy is
similar to the decay of energetically higher vibronic states of the
LUMO which we identified before also with the time-resolved
two-colour experiment, see Fig. 6. The longer lifetime in the
configuration of a s-polarised pump and p-polarised probe
pulse, can be explained by the experimental set-up, because
taken together the in- and out-of-plane components of the p-
polarised pulse interrogate a broader distribution of higher
vibronic states.

Fluorescence lifetimes

In the time-resolved 2PPE measurements, at least one lifetime
far outside the accessible maximum pulse delay range was
observed. By means of time-correlated single photon counting
(TCSPC), an insight into the radiative transitions with longer
lifetimes from the picosecond to the nanosecond range is now
covered. Fig. 11 shows the fluorescence decay after excitation
with a laser pulse at A = 400 nm. A triple exponential decay of
the fluorescence is observed, both for pristine (zP) thin films as
for those which have been annealed (). Therefore, we again
use a fit function (eqn (1)) which is a convolution of the
Gaussian instrumental response function and a triple exponen-
tial decay. The shortest lifetime tf¢ = (0.15 + 0.01) ns is of the
order of the fourth lifetime t, of the time-resolved 2PPE
experiment and describes well the long-lived background in
the tr-2PPE signal. The next longer lifetime of 75 = (0.46 + 0.01)
ns is of the typical range for D-A molecules, as is the longest
lifetime of 75 = (1.77 £ 0.07) ns. The shortest lifetime of the
annealed thin film 73y = (0.14 + 0.01) ns is comparable to
the pristine sample. The other lifetimes of the excited states
of annealed thin films show values of t5¢ = (0.58 £ 0.01) ns and
3¢ = (2.42 + 0.02) ns, a significant longer temporal decay
than for the pristine samples. These results thus indicate an
extended lifetime of the excited states induced by annealing.
In both cases, the shortest fluorescence component has the
strongest relative amplitude weighting within the decay: Afp =
(87.1 £ 0.1) % and Ajr = (68.9 £ 0.02) %. The longest lifetime
only represents less than 1% of the relative contribution.
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Fig. 11 The time evolution of the fluorescence of the pF8T2 thin film
shows a threefold exponential decay indicated by the fit in black, resulting
in the lifetimes: =5 = (0.15 4 0.01) ns, 8¢ = (0.46 4+ 0.01) and 8 = (1.77 +
0.07) ns before and 3¢ = (0.14 & 0.01) ns, 3¢ = (0.58 + 0.01) ns and 3¢ =
(2.42 £ 0.02) ns after annealing. Lifetimes are corrected by the instru-
mental response function.

Nevertheless, its weight doubles from A = (0.55 + 0.04) %
before annealing to A3y = (1.01 £ 0.01) % after annealing. With
annealing, the relative amplitude of the intermediate lifetime
shows the most significant change from A = (12.3 &+ 0.1) % to
Ajp = (30.1 &+ 0.02) %.

A multiple exponential decay is commonly observed for the
fluorescence lifetimes in thin film conjugated polymer layers.
Because of the often randomly mixed phases, not every lifetime
is necessarily uniquely assignable.®® The multi-exponential fit
is therefore mostly a phenomenological description but by
comparing analogous polymers on the discussed timescales
allows for an unambiguous distinction of the predominant
processes. Kettner et al. observed biexponential fluorescence
decay curves for pF8T2 films.?* They describe a fast decay with a
time constant of about 7 = 0.3-0.4 ns and a longer one of about
7 = 1.1 ns. Both decay constants were rather independent of the
excitation wavelength in the range from 4 = 550 to 640 nm,
which covers the three lowest vibronic states in S;. The short
one is assigned to exciton migration towards lower energies and
the longer one as a typical decay mechanism in polyfluorene,
where the molecular disorder is responsible for diffusion and
trapping of excitons.

For the decay with approximately 7, = 150 ps we addressed
already Forster resonance transfer processes in the tr-2PPE
section. It is also conceivable to attribute them to a more rapid
component of the fluorescent decay, which is associated
with self-quenching and leads to a short lifetime.?” This aligns
with the observed decreased amplitude A, after annealing. The
second fluorescence lifetime 7, probably corresponds also to

This journal is © the Owner Societies 2024
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the transport of the generated exciton to lower energy sites. The
lifetime of the migrated exciton is about 75 = (1.77 &+ 0.07) ns
before and 5 = (2.42 + 0.02) ns after annealing. The third
lifetime would accordingly correspond to the lifetime of the
exciton which should be affected by the quality of the thin film.
The data observed show that annealing improves the quality of
the film because its lifetime is enhanced, and thus the diffusion
length of the exciton increases. This is consistent with the
fact that the efficiency of photovoltaic devices is higher after
annealing. This hypothesis is in agreement with the interpreta-
tion of and Mbarek et al.*® and Gao et al.®" They pointed out
that a fast generation but slow recombination is beneficial for
the extraction of charge carriers in fluorene and thiophene
based polymers. Also Long et al. measured longer photolumi-
nescence lifetimes for a conjugated polymer after annealing,
and correlate this with an increasing of the two dimensional
exciton diffusion length."®®

Conclusions

The occupied and unoccupied states of the pF8T2 thin film
on H-terminated silicon substrates were investigated by time-
resolved photoelectron spectroscopy, as well as by optical
absorption and time-resolved fluorescence spectroscopy.
Two deeper lying occupied states at a binding energy of Ep =
—13.4 eV and —14.9 eV are probably associated with the
c-bonds of the polymer. Three states at Eg = —7.5 eV, —8.8 eV
and —10.4 eV are typical for n-bonds and finally culminate to
the HOMO and HOMO—1 estimated at energies of Eg = —5.6 €V
and —6.5 eV, respectively. The energetic location of the valence
band maximum at Eygy = —5.5 €V is in good agreement with
results of cyclic voltammetry. The unoccupied states were
investigated by ultraviolet two- and three-photon spectroscopy.
In single-colour photoelectron spectroscopy, we were able to
identify at least four states A to D, assigning state D to an
occupied state, probably related to the HOMO. The state B is
energetically located at Ej = —4.3 eV and thus in the range of
excitons and polarons. The states A and C are in good agree-
ment with the maxima from the absorption spectra, therefore
we correlate them with the LUMO+1 and LUMO, respectively.
For the thin film pF8T2 on hydrogen-terminated silicon, an
involvement of at least four lifetimes was determined over the
energy range measured by photoelectron spectroscopy.

We identify ultrafast mechanisms with rise and decay times
in the femtosecond and picosecond range, typical for the
ultrafast generation and arrangement of the charge carriers
in conjugated donor-acceptor polymers. We further attribute
an ultrafast process, measured with A = 390 nm, with a lifetime
of about 100 fs to the excitation decay of the LUMO+1.
In addition, a lifetime in the range of about 300 fs was observed
with two colour tr-2PPE, corresponding to the decay of vibronic
levels of the LUMO. A longer lifetime of 1-3 ps, as well as long
lifetimes of 10 ps and about 150 ps after 460 nm excitation
are attributed to the decay path towards excitonic levels. The
fluorescence measurements also show a triple exponential

Phys. Chem. Chem. Phys., 2024, 26, 4736-4751 | 4747


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00502j

Open Access Article. Published on 22 January 2024. Downloaded on 12/5/2025 12:59:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

decay. The shortest fluorescence lifetime of 7,z = 140-150 ps
corresponds to the longest one measured in photoelectron
spectroscopy. Furthermore, lifetimes in the range of 7,z =
0.4-0.7 ns and 73 = 1.7-2.4 ns show that the excitonic decay
process has two different temporal components. It is demon-
strated, that annealing has little to no effect on the ultrafast
part of charge carrier generation. However, annealing extends
the long-lived excitonic decays further and thereby facilitates an
improved efficiency of the charge carrier separation, which may
have an advantageous effect on the efficiency of photovoltaic
devices.
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