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Optical pump—probe spectroscopy is a crucial tool to investigate the excited state behaviour of materials
and is especially useful to investigate the photoexcitation dynamics of bulk heterojunctions as found
in organic solar cells. Most common techniques for such investigations involve pulses with an energy

density in the range of several tens of pJ cm™2

, emitted with kHz repetition rate. Such pulse energy can
entail non-linear processes due to the formation of high carrier concentrations and can furthermore
severely damage the sample material. Here we introduce a softer approach with pulses of nJ cm™2

Received 25th June 2018, energy density and a photon flux which is more than three orders of magnitude lower than in regular

Accepted 12th August 2018 techniques. We show the capability of our low-cost and easy to make set-up by investigating two

DOI: 10.1039/c8tc03118e prototypical donor—acceptor polymers, C-PCPDTBT and its silicon variant Si-PCPDTBT. Given the high

pulse repetition rate in the MHz regime, we are readily able to monitor sample changes of 10~° and find
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1 Introduction

The understanding of interactions in organic materials has been
greatly advanced through optical pump-probe techniques. Key
aspects of the community’s understanding of the mechanisms in
organic photovoltaics, especially the interplay of electron donor
and acceptor materials, were studied through photoinduced
absorption (PIA) spectroscopy. These investigations include the
seminal observation of the ultrafast charge transfer between
conjugated polymers and fullerene derivatives, which facilitates
the efficient dissociation of strongly bound Frenkel excitons
commonly formed in these low-permittivity materials.”

PIA spectroscopy is a powerful technique to study the
properties and behaviour of materials upon excitation. Usually,
the differential absorption (AA) or transmission (A7) is monitored
and the observable signals are categorised as either photo-
induced absorption (PA) or photoinduced bleaching (PB).* The
latter signals are commonly evoked by phase space filling after
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exciton lifetimes of 108 and 150 ps for C- and Si-PCPDTBT respectively.

depopulation of the ground state of the material. Also stimu-
lated emission, for which every incoming photon generates two
photons leaving the material, leads to signals with the sign of a
bleach. PA, on the other hand, is predominantly attributed
to transitions of newly formed species, e.g. free charge carriers,
polarons or excitons.®

These processes can be investigated in steady state configuration,
where the transmission of a sample is commonly monitored
using a continuous probe beam, whilst an excitation light
source (pump) is modulated, e.g. using a mechanical chopper
wheel, to generate the ground and the excited states. In such a
way, relatively long-lived signals with a lifetime in the nano- to
millisecond regime can be monitored. In order to examine the
transient behaviour and to be able to study short-lived signals,
it is necessary to use pulsed laser sources instead of continuous
illumination. Depending on the lifetimes of interest, this experi-
ment (often referred to as transient absorption, TA spectroscopy)
can be carried out using electronic delays (predominantly in the
micro- to millisecond regime) or mechanical delay lines. In the
latter case, the pump and probe pulses are subject to an optical
path difference relative to each other. Provided with short
enough light pulses, the time resolution in such experiments
can easily reach several picoseconds or lower. For a broader
discussion on relevant techniques and advances also consider
the reports in the literature."?

In recent years, the precise contribution of so-called charge
transfer states (CTS) and the role of excess energy in the
formation of free charge carriers has been intensively debated.*”

This journal is © The Royal Society of Chemistry 2018
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Furthermore, the role of exciton coherence,”” polaron
delocalisation® and the presence of finely intermixed regions in
blends of donor-acceptor materials has been driven by optical
pump-probe spectroscopy.’ Similarly, the generation of charge
carriers in neat polymers has been studied in great detail through
optical techniques.'® Even after two decades of intensive research,
optical pump-probe spectroscopy hence is still at the centre of
scientific progress in the field of organic photovoltaics and drives
the community’s efforts for greater power conversion efficiencies.

Photoinduced changes in sample absorption are generally
small. In order to achieve acceptable signal to noise ratio, high
pulse energy densities exceeding several pJ cm™> are commonly
employed. Using pulses of such high intensity, however, can
entail significant drawbacks for the analysis. Most importantly,
the incoming photon flux is not representative for the processes
occurring in solar cells. The global photon flux at AM1.5
coming from the sun above 1.4 eV (which is the region in
which state-of-the-art materials can absorb) amounts to
approximately 5 x 10'® em™* s~*. When high intensity laser
pulses generate charge carrier densities significantly exceeding
this magnitude, higher order processes, such as Auger recombi-
nation or exciton-exciton annihilation, can become dominant.
Extracting carrier/exciton lifetimes from such measurements
thus offers values that are not meaningful for operation in solar
cells. Even more strikingly, the observed decay dynamics may be
misinterpreted.

Another detrimental side effect of high intensity laser pulses
is the risk of photodegradation. In the worst case, materials
decompose during the measurement and the acquired data is
neither representative for the original material nor for working
conditions of a solar cell. In order to suppress these undesired
phenomena, laser pulses are generally strongly attenuated before
being sent onto the sample material. Reducing the pulse power,
however, comes at the cost of a decreased signal to noise ratio.
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To enable a proper assessment of excited state dynamics of
organic materials, whilst working closer to the conditions
encountered in photovoltaic cells, we thus present here a simple
two-colour set-up,"'™® based on a high repetition rate laser
source, emitting pulses of 1-2 ps duration with MHz frequency.
This repetition rate allows for a significantly higher signal to
noise ratio than in commonly employed 1 kHz techniques,
whilst allowing for a small pulse energy and photon flux. We
are therefore able to study the carrier dynamics of sample
materials with excitation densities closer to solar illumination.
The set-up furthermore allows to broadly tune the excitation
wavelength, ie. to selectively excite different transitions of
the sample and to study the transient behaviour over a time
window of several nanoseconds.

Introducing this technique, we chose to investigate two
prototypical donor-acceptor (D-A) polymers, namely PCPDTBT
and its silicon variant, together with their respective blends
with the fullerene derivative PC¢oBM - systems that show very
small differences in chemical structure, but with a large impact
in morphology and solar cell efficiency. Whilst both systems
have been studied in the past, we believe that additional to
offering the important low excitation power, this is the first
direct comparison of their photoexcitation dynamics.

2 Experimental

The crucial parts of our set-up are a high-repetition rate super-
continuum laser and an auto-balanced photodetector. Fig. 1
depicts a scheme of the set-up with its major components. Both
the pump and the probe light are emitted by a broadband light
source (NKT SuperK Extreme), emitting a single-mode super-
continuum formed in an optical fibre. The pulsed laser light is
generated at a rate of 78 MHz and is tuneable down to 2 MHz
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Fig.1 A scheme of the pump—probe set-up. Two emission ports driven by acousto-optical tuneable filters, allow to select up to 8 wavelengths
per port simultaneously. The pump beam runs through a mechanical delay line to create an optical path difference between pump and probe
beam. Subsequently, it is modulated using a copper wheel and directed onto the sample. Meanwhile, a reference beam is split off from the probe

and directed onto the auto-balanced photodetector. The probe beam,

afterwards detected.
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using a built-in pulse-picker. An optical filter box based on
acousto-optic tuneable filter (NKT SuperK Select) is used to
choose and tune up to eight emission wavelengths. One exit
port in the visible (500-810 nm) and one in the near infrared
(NIR) spectral region (825-1400 nm) can be used conveniently
as visible pump and NIR probe for conjugated polymers (Fig. 1).
Using suitable optical components furthermore allows for both
pump and probe to be taken from the same port. Using this
laser source, we are able to excite the sample with pulse power
densities of approximately 10 nJ cm > at an integrated emis-
sion power of 0.1-1 mW, assuming a spot radius of 200 um on
the sample. In kHz standard set-ups, the employed pulse power
density is often adjusted to 1-10 puJ cm™>, with the comment that
this led to a linear intensity dependent sample response.*'*'* For
some materials, however, the response is still affected by higher
order process for intensities around 1 pJ cm™2'® Especially the
long range dynamics of PCPDTBT were shown to depend on the
pulse energy density."”

For a wavelength of 800 nm, we determine a photon flux of
approximately 10*> cm > s~ ! for our set-up. This is still larger
than the above stated value from the sun, but it is five orders of
magnitude lower than what is approximately found in set-ups
based on lasers with a kHz repetition rate and a pulse duration
of 100 fs (see calculations in ESI{).

As shown in Fig. 1, the pump beam travels through a set of
mirrors and is modulated with a mechanical chopper wheel,
typically set to a frequency of around 1 kHz. Subsequently, the
beam is focused onto the sample. To be able to measure
transient spectra, a mechanical delay line, with sub-picosecond
time resolution (LMS-100, PI miCos), is inserted into the beam
path of the pump beam. A full-range displacement of the mirror
gives rise to an optical path difference corresponding to a delay
of approximately 6 ns.

Meanwhile, after having left the emission port, the probe
beam is split into two sub-beams, of which one is directed
perpendicularly onto and transmitted by the sample. The second
sub-beam is used as reference without sample interaction.
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Both beams are eventually detected using the auto-balanced
photodetector (New Focus Nirvana 2007 or 2017, sensitive from
400 to 1100 or from 800 to 1700 nm, respectively). The reference
sub-beam compensates variations in probe intensity due to the
laser output. The photodetectors exhibit a cut-off frequency in
the low kHz regime (depending on the signal strength). The
incident MHz probe beams thus appear as continuous signals
and only the impact of the modulated pump beam is detected.
The photodetector offers the pump-induced intensity change
(AT) and the absolute intensity at the input (the average of T
and T + AT) as output. This way, we are able to determine
the differential transmission AT/T. The time resolution of this
set-up is lower than 20 ps (see ESIt for details).

For a proper signal to noise ratio and to allow for phase-
sensitive studies, the Nirvana output is fed into a lock-in
amplifier (Stanford Research Instruments SR830, 3 s integra-
tion time) synchronised to the chopper wheel. Additional to the
above discussed scientific benefits, this set-up also has the
advantage of being a relatively simple installation of compo-
nents that are readily commercially available at a low price,
when compared to kHz set-ups based on Ti:sapphire lasers.

To prove the advantages of this set-up, we investigated
two different polymers, poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclo-
penta[2,1-b;3,4-b']-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]
(C-PCPDTBT, M,, = 35 kDa, M, = 47 kDa) and its silicon variant
poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2",3'-d]silole)-2,6-diyl-alt-
(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,5’-diyl] (Si-PCPDTBT,
also known as PSBTBT, M,, = 25 kDa, M,, = 50 kDa). Both materials
were obtained from Konarka Technologies. The electron acceptor
PCsoBM (99.5%) was purchased from Solenne. All materials were
used as received. The materials were dissolved at 20 mg mL "
concentration in chlorobenzene or ortho-dichlorobenzene in case of
C- and Si-PCPDTBT respectively. The solutions were stored over-
night while vigorously stirring at 80 °C in the former and 100 °C in
the latter case. Afterwards, the films (approximately 100 nm thick)
were spin cast onto quartz substrates and sealed under nitrogen
atmosphere using epoxy glue and quartz cover glasses.

C-PCPDTBT:PCBM
C-PCPDTBT
Si-PCPDTBT:PCBM

Si-PCPDTB

1.0

0.8

0.6

0.4

0.2

Norm. absorbance

400 500 600 700 800 900
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Fig. 2 Molecular structure of C-/Si-PCPDTBT and the electron acceptor PCgoBM (a). The substitution of the bridging atom of the side-chains has a
profound impact on the polymer morphology. The normalised absorbance spectra of cast thin films of neat polymers and 1: 1 blends with PCgoBM exhibit
two absorption bands for both polymers (b). Vibrational subpeaks form for the Si variant due to chain aggregation.
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3 Results

The polymer C-PCPDTBT is a prototypical and widely studied
donor-acceptor material as used in organic electronics. The
combination of the electron withdrawing 2,1,3-benzothiadiazole
with the electron rich bi-thiophene (consider molecular structure
in Fig. 2(a)) narrows the material’s band gap leading to an
absorption onset close to 900 nm. Cast from chlorobenzene,
especially when blended with PCBM, it forms a finely mixed
amorphous microstructure,'®2° which is reflected in the broad
and featureless absorption bands shown in Fig. 2(b). Besides the
dominant absorption band in the near infrared region, the
material also exhibits a second, high energy, absorption band
centred around 400 nm. The comparatively narrow band gap and
broad coverage of the solar spectrum led to relatively high power
conversion efficiencies (PCE) for solar cells, when initially intro-
duced in 2007."® It was furthermore observed that casting films
in presence of solution additives facilitates a more favourable,
i.e. more crystalline, morphology®' that significantly increases
the device performance.'®>°

In contrast, Si-PCPDTBT, in which the carbon atom bridging
the two thiophene rings is replaced by silicon, forms a crystalline
microstructure without further treatment.>> Whilst the absorp-
tion of Si-PCPDTBT also exhibits two broad absorption bands in
similar spectral regions as the carbon variant, a vibronic sub-
structure is observable even in presence of PCBM (red curve,
Fig. 2(b)). This substructure indicates a higher degree of order
in this material and was previously linked to a cross-hatched
324 The increased crystallinity promotes a better charge
transport and thereby a higher solar cell PCE compared to
C-PCPDTBT in the amorphous phase.** For a detailed study on
the morphology of this polymer family, we refer the interested
reader to an intricate study carried out by Schulz et al.>®

Intensive studies on the excited states in both materials
based on high intensity pulsed laser spectroscopy revealed that
both materials give rise to a long lasting PA around 1250 nm
(1 V) in blend with PCBM."**>?® This signal was attributed to

structure.
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the absorption of positive polarons and is accompanied by
an equally long-lived bleaching (extending into the ps to ms
range'”*>*’) of the ground state probed around 790 nm.
A photoinduced signature of excitons is more short lived and
peaks at longer wavelengths around 1450-1500 nm,'***?° but
overlaps with the polaron signal at 1250 nm.

With these assignments in mind, we first consider the
dynamics of a blend of Si-PCPDTBT with PCBM (1:1 weight
ratio), for which the spectra are shown in Fig. 3(a). The curves
display the TA probed at 1250 nm upon excitation at different
wavelengths in the low energy absorption band of the polymer.
In all cases, i.e. independent of the excitation wavelength, a
rapid absorption onset is followed by a constant signal that
extends throughout our measurement window. The long-lived
signal is attributed to the absorption of photoinduced positive
polarons formed on the polymer after electron transfer towards
PCBM. The ultrafast formation of polymer polarons on a sub-ps
scale cannot be resolved by our set-up, but is in line with previous
observations for this material.'>*® Whilst Othonos et al., however,
find a 3-exponential decay of the polaron absorption, with life-
times of 1 ps, 27 ps and 1.3 ns, our measurement does not exhibit
any decays within our window of measurement.

TA spectra for the neat material under the same conditions
are shown in Fig. 3(b). The curves display a strikingly different
behaviour in this case. At short delay times, approximately up
to 400 ps, the transients undergo an exponential decrease in
signal magnitude. This decay is attributed to the recombination
of excitons.?® Although simple discussions on organic solar
cells motivate the application of a donor-acceptor interface by
the need of a driving force to dissociate strongly bound Frenkel
excitons,*' the formation of free charge carriers (or polarons, to
be more precise) in neat polymers is a general observation in
optical spectroscopy.”® Again, the polarons can be observed by
the finite signal at long delay times, analogous to the behaviour
of the blend above and reported before.'® For the silicon
variant, we thus observe the typical behaviour of a D-A polymer,
i.e. on the one hand a significant formation of charges already

(b)
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Fig. 3 Transient absorption spectra of Si-PCPDTBT blended with PCBM (1:1 ratio) upon pumping at different wavelengths (a). The probe
wavelength was fixed to 1250 nm and is sensitive to both the exciton and polaron population. The long lasting signal indicates the formation of
polarons. The decay curves for the neat polymer in (b) are marked by a fast initial decay due to exciton recombination and exhibit a finite signal for long

delays due to polaron absorption.
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Fig. 4 Transient absorption spectra of blends of C-PCPDTBT : PCBM (1: 1) upon excitation at different wavelengths and probing at 1250 nm. Although all
curves are marked by a long lasting absorption, they also display an initial decay due to incomplete exciton dissociation (a). Blending with a higher

content of PCBM diminishes the initial decay component (b).

in the neat film, where the response is, nonetheless, still governed by
non-dissociating excitons. On the other hand, blended with PCBM,
the spectra are dominated by a long-lasting polaron absorption.

Fig. 4(a) shows the data obtained for the blend of the carbon
variant with PCBM. Again, the blend’s transients are marked by
a rapid initial signal increase. Similar to the observation of the
Si-PCPDTBT:PCBM sample above, the signal remains almost
constant for a long delay time, but there is also a distinct signal
decrease at early times. We attribute such a decay to an
incomplete splitting of excitons, which tend to recombine
before reaching the donor-acceptor interface.'* We note that
for this material, the best performing blend ratio in organic
solar cells is approximately 1:2 (polymer : fullerene)'® and thus
also investigated the TA response for such a varied composi-
tion. A normalised decay trace of a 1:2 blend is depicted in
Fig. 4(b) as a comparison. The spectra of the two blends clearly
show the early decay of the 1:1 ratio, whilst the 1:2 blend
remains almost constant with time. This is a clear indication
that excitons are efficiently dissociated in the latter blend, for
which PCBM acceptor sites are more ubiquitous and thus can
be reached by diffusing excitons before they recombine.

Finally, we consider a long-range measurement of the two
neat polymers upon excitation in their absorption tail at 840 nm.
Investigating the kinetics under these extreme conditions is
important, e.g., for investigating the effect of excess energy on
the dissociation of excitons. The corresponding spectra for the
two materials are given in Fig. 5. This measurement also serves
to show the high sensitivity of our set-up at room temperature,
which is able to easily distinguish changes in the range
of 107°.*> As expected from the measurements above, the
transients include a rapid decay at early times until approxi-
mately 400 ps, after which the signal remains virtually constant
over our window of measurement.

Fitting the corresponding lifetime of the initial decay leads
to values of 108 ps for C-PCPDTBT, which is in the range of the
reported values of 78-120 ps found in different investigations'*'”>° -
especially since it was shown that the excited state lifetime of
C-PCPDTBT is strongly affected by exposure to the environment.*®

10826 | J. Mater. Chem. C, 2018, 6, 10822-10828
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Fig. 5 Long delay time comparison of neat C- and Si-PCPDTBT upon
excitation in the low energy tail at 840 nm and probing at 1250 nm. The
strong early exciton decay allows to extract lifetimes of 108 and 150 ps for
the carbon and silicon derivative, respectively. The polaron population
exhibits a quasi-constant absorption over the measurement window.

2000

The silicon variant exhibits a slightly longer lifetime of 150 ps,
which is in agreement with our expectations for a more rigid
and crystalline polymer.**

For comparison, we also investigated the same samples with
a super-continuum TA spectrometer (Ultrafast Systems Helios)
coupled with an optical parametric amplifier (TOPAS 800) and
with a kHz Ti:sapphire laser system (Coherent Libra). The time
duration of the laser pulses of this system is about 120 fs. Fig. 6
displays a measurement of the PCPDTBT:PCBM blend close
to the system detection limit, with a pump pulse energy density
of about 6 pj cm 2. The pump photon flux in this case is
2 x 10*” em 2 57" (cw-equivalent power of 60 W at 800 nm),
hence five orders of magnitude larger than the one used in the
two colour set-up (also shown in Fig. 6). As can be seen from
Fig. 6, the obtained signal magnitude for the kHz-based set-up
(107>-107%) is ten times larger due to the higher carrier density.
This comparison offers two important insights. Firstly, our set-up
not only offers the possibility of measuring at significantly

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Comparison of spectra taken with our new set-up and a kHz based
technique. In order to acquire a similar signal to noise ratio, the necessary
photon flux is five orders of magnitude higher and the signal magnitude
lies in the region of 1072,

lower excitation densities, but simultaneously to achieve low-
magnitude signals of very high quality (low signal to noise
ratio). Secondly, we can prove that despite the important issue
of sample degradation and higher order effects, data for this
well-studied donor-acceptor system that were acquired with
more ‘“‘standard” set-ups remain meaningful and relevant for
device physics, for example in solar cells.

4 Conclusions

In conclusion, we here introduce a straight-forward and easy to
apply set-up for optical pump-probe measurements. The low
pulse energy allows for photon fluxes approximately five orders
of magnitude smaller than in set-ups based on high-power kHz
lasers. Due to the high repetition rate in the MHz regime, our
set-up is able to deliver a high signal to noise level, which easily
allows to resolve signals of the magnitude of 10~°.

We present a set of measurements on the prototypical
donor-acceptor polymers C-PCPDTBT and its silicon variant
Si-PCPDTBT, which have been widely used in organic solar
cells and characterised optically in high power set-ups. We are
able to clearly track the photoinduced absorption of both
excitons and formed polarons in neat films of the polymer
or blends with the electron acceptor PCBM and extract an
exciton lifetime of 108 and 150 ps for C- and Si-PCPDTBT,
respectively. When blending with a relatively low content of
PCBM (1:1 ratio), exciton dissociation remains incomplete for
the carbon variant. When blending with a ratio of 1:2, the
dissociation is significantly more efficient. For Si-PCPDTBT no
such behaviour was observed, which speaks for the superior
performance of the more crystalline silicon variant as observed
in solar cells.
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