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Abstract: Our group previously reported the synthesis of four polythiophene derivatives
(P1-P4) used for solar cells. The cells were prepared under room conditions by spin coating,
leading to low efficiencies. However, after the addition of 6-nitro-3-(E)-3-(4-
dimethylaminophenyl)allylidene)-2,3-dihydrobenzo[d]-[1,3,2] oxazaborole (M1) to their
active layers, the efficiencies of the cells showed approximately a two-fold improvement.
In this paper, we study this enhancement mechanism by performing ultrafast transient
absorption (TA) experiments on the active layer of the different cells. Our samples consisted
of thin films of a mixture of PCsi1BM with the polythiophenes derivatives P1-P4.
We prepared two versions of each sample, one including the molecule M1 and another
without it. The TA data suggests that the efficiency improvement after addition of M1 is due
not only to an extended absorption spectrum towards the infrared region causing a larger
population of excitons but also to the possible creation of additional channels for transport
of excitons and/or electrons to the PCs1BM interface.
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1. Introduction

Organic Photovoltaics (OPV) is a very active area of research due to the potential fabrication of these
devices at lower cost and using simpler manufacturing techniques, namely spin coating, than their
inorganic counterparts. Power conversion efficiencies in OPVs grew up from 0.001% to 1% in the period
1975-1985 [1-3] to values in the range 3%-8% commonly achieved nowadays for the bulk
heterojunction (BHJ) architecture [4—6], although record values on the order of 12% have been reached [7].
Several different approaches are being explored to increase OPVs’ efficiency such as development of
new materials, electrodes, architectures, buffer layers and deposition methods [1,8,9].

Among the multiple approaches that can be followed to improve the efficiency of OPVs based in the
BHJ architecture, one that has not been commonly explored is the incorporation of organometallic
compounds in the active layer [10]. In particular, for photovoltaic applications and other optoelectronics
uses, boron bonded to dipolar n-conjugated ligands is able to act as an electron donor, aid in charge
transport, or act as hole blocking layer [11-18]. The extended m-conjugation in this family of molecules
can push the HOMO level up and simultaneously pull the LUMO level down, causing a reduction in their
bandgap [17,19]. This bandgap reduction results in an absorption shift towards the NIR which is attractive
for OPVs’ development, since it could result in improved efficiencies due to the broadened absorption.

On the other hand, several poly(p-phenylenevinylene)-, fluorene-, carbazole- and thiophene-based
conjugated polymers (among others) have been employed as active layers in OPVs [20-22]. To date,
polythiophene derivatives, including the regioregular poly(3-hexylthiophene) (P3HT), are among the
most commonly employed electron donors in combination with the highly soluble fullerene molecules
(PCBM) as electron acceptors for OPVs under the BHJ architecture; their use extends to thin film
transistors, light emitting diodes, electrochromic windows and sensors [23]. Polythiophenes offer
relatively simple chemical synthesis, the convenience of thin film deposition by spin-coating, and a
unique combination of efficient electronic conjugation, and chemical stability [20-23].

Motivated by the previously discussed properties of polythiophenes and organometallic compounds,
we were interested in studying the effects of the incorporation of organometallic molecules into the
active layer of different polythiophene based OPVs. Our attention focused on the use of low cost and
easily synthesized nonregioregular polythiophenes. For this purpose, in previous work, we synthesized
four new polythiophene derivatives (P1-P4) [24, (P1 corresponds to PC, P2 to PI, P3 to PD, and P4 to PA)]
and built photovoltaic cells with a BHJ architecture containing fullerenes and the organometallic borinate
molecule 6-nitro-3-(E)-3-(4-dimethylaminophenyl)allylidene)-2,3-dihydrobenzo[d]-[ 1,3,2]-oxazaborole
(M1) [19]. The series of polymers P1-P4 lack the robustness of other semiconducting materials (i.e.,
P3HT), widely used in efficient OPVs. This is due mainly to the low regioregularity of P1-P4 [24];
however, since the synthesis of our polythiophenes is based on FeCls oxidative polymerization, it allows
versatile and mild reaction conditions for industrial-scale production at low cost, avoiding the use of
expensive catalyzers commonly employed in other synthesis schemes.
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Figure 1 shows the chemical structure of the materials employed in this study. We found that the low
conversion efficiencies of the cells increased by a factor of approximately two upon addition of the
borinate [24,25]. At the time of those studies, we did not understand the efficiency enhancement
mechanism. In the present work, we study this enhancement by performing ultrafast transient absorption
(TA) experiments in thin films of the same composition as those of the active layers of our OPV cells.
These ultrafast measurements allow us to compare the photogeneration and dynamics of the excited
species, with and without the incorporation of M1. A better understanding of the excited species
dynamics after the incorporation of organometallic materials, such as M1, into OPVs can lead to
alternative routes for power conversion efficiency enhancements in non-regioregular polymer based
cells. Our results suggest that M1 is an absorber of light that not only extends the absorption spectra of
the active layer but that could also open new paths for more efficient transport of excitons from the
electron-donor polymer to the strong electron acceptor PCs1BM. Our findings could also be applicable
to other polymers of poor charge generation and conducting properties in combination with organic
molecules (both easily synthesized and low in cost) to enhance the power conversion efficiency of simple
OPVs. The premise is that devices fabricated with low cost materials and very simple methods (in our
case a vacuum-free and all-liquid processed OPVs) might certainly comprise low efficiencies (inherent
to the limitations of the used materials) but with a minimum of device performance that would be enough
for some applications (for instance, in disposable devices) in which very low price is mandatory. Some of
the film deposition techniques that can be employed for the fabrication of simple OPVs are spin-coating, roll
to roll, doctor blade, drop-casting, inkjet printing, screen printing and spry-coating [26—29]. In this work,
the spin-coating technique was used for the deposition of the active layer while a free-vacuum method based
in drop-casting of a metal alloy was used for the cathode deposition. This approach for OPV devices’
fabrication allows an all-liquid process, which so far has not been extensively explored in the literature.
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Figure 1. Chemical structures of polythiophene derivatives (P1,P2,P3,P4), PCs1BM, and M1.
D and A correspond to donor and acceptor, respectively.
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2. Results and Discussion
2.1. Characterization of Solar Cells Devices

Copolymers P2 and P3 are derived from 3-hexylthiophene, while P1 and P4 are based on
3-octylthiophene. Copolymers P1 and P2 shared the same monomer 2-(ethyl(4-(4-nitrostyryl)phenyl)
amino)ethyl 2-(thiophen-3-yl)acetate, while in copolymers P3 and P4, the monomer is (S)-(—)-1-(4-
nitrophenyl)pyrrolidin-2-yl)methyl  2-(thiophen-3-yl)acetate. These monomers are thiophenes
functionalized with push-pull chromophores (TF). P1 and P2 have 1.4% and 5% of TF, respectively.
The entropy in copolymers P3 and P4 increases because the content of TF (26% and 12%) is higher with
respect to P1 and P2. The copolymers P1 and P2 have higher molecular weight and solubility, which in
combination with their level of conformational regularity (percentage of dyads in configuration HT and
triads in configuration HT-HT) favor a better BHJ morphology. All this leads to higher power conversion
efficiency in these OPV’s based on P1 and P2 in comparison to P3 and P4. A summary of the properties
of the polymers P1-P4 is presented in Table 1.

Table 1. Characteristics of copolymers P1, P2, P3 and P4.

Configuration
Molecular weight : -
Soluble Monomer Diads (%) Triads (%)
Polymer . . p—
yield (%) ratio ® Mn —
Mw HT HH HT-HT TT-HT HT-HH TT-HH

(g/mol)
P1 79 1.4/98.6 12,600 80,000 76 24 58 14 21 8
P2 63 5/95 24,600 236,000 67 33 43 18 20 19
P3 32 26/74 16,800 106,000 64 36 43 18 19 20
P4 15 12/88 11,000 117,000 68 32 50 15 18 17

Note: * Ratio between the monomers thiophene functionalized/3-alkylthiophene (alkyl = hexyl or octyl)

incorporated into the copolymer.

The detailed fabrication and characterization of our solar cells based in P1-P4 have been reported
elsewhere [24,25]. All our OPV cells were fabricated under room conditions and with an inexpensive
method for electrode deposition without the use of a vacuum chamber. Table 2 summarizes the
previously obtained results. Although the cells assembled from the polythiophene mixtures show low
efficiencies, it is clear that the incorporation of M1 into their active layer resulted in, at least, a two-fold
increase in the power conversion efficiency in three of the four cases. The only instance where we did
not observe the enhancement effect was for P3. It is worth noting that this particular sample presented a
rough surface structure under AFM imaging, in contrast to the other samples. We believe that the low
surface quality of P3 could explain the lack of efficiency enhancement after addition of M1. Figure 2
shows a typical AFM image after inclusion of M1 in the film; the surface is smooth with some scattered
granules. We also note that the efficiency of the cells based on P4 is approximately five to seven times
smaller than those of all the other cells; nevertheless, the enhancement effect of M1 was still present
resulting in an improvement factor of two in this particular cell efficiency. As previously mentioned,
the physical mechanism that leads to the efficiency enhancement was not well understood before the
implementation of the experiments here presented.
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Figure 2. AFM image of active layer of solar cells with the configuration P2:PCciBM:M1
(1:2:1 by weight).

Table 2. Power conversion efficiency parameters for different organic photovoltaics (OPVs)
based on polythiophene derivatives P1-P4 under illumination at 100 mW/cm? [24].

Components (weight ration) n (%)

P1:PC¢BM (1:2) 0.17
P1:PCiBM:M1 (1:2:1) 0.39
P2:PC¢BM (1:2) 0.15
P2:PCiBM:M1 (1:2:1) 0.41
P3:PC¢BM (1:2) 0.14
P3:PCsiBM:M1 (1:2:1) 0.18
P4:PC¢BM (1:2) 0.02
P4:PCs1BM:M1 (1:2:1) 0.04

2.2. Photophysical Studies of OPVs’ Active Layers

In this section, we report the results, and their interpretation, of the ultrafast transient absorption (TA)
measurements performed on our thin films. Some in-depth studies using near infrared femtosecond TA
spectroscopy of P3HT films have been published [30,31]. Since our probe beam is generated in an Optical
Parametric Amplifier (OPA) system (see Section 3.3), we decided to focus our attention in four particular
wavelengths 550 nm, 650 nm, 735 nm, and 900 nm. These wavelengths were selected on the following basis:
we expect that the studied polymers will show bleaching at 550 nm because they absorb at this wavelength
(see Figure 3a) and this energy is above their respective polaronic bands. The selection of the probe at 735 nm
was motivated by the expected presence of a polaronic band for P1-P4 in the range from approximately
700 to 800 nm according to typical values reported for other polythiophenes [32,33]; while the probe
wavelength of 650 nm is expected to be between the bleaching and the polaronic TA signals. Finally a probe
beam at 900 nm will monitor the Charge Transfer state (CT) formed at the PCs1BM interface [21,34,35].

The normalized absorption spectra in solution for the polythiophenes (P1-P4) are shown in Figure 3a.
P1-P3 (stars, inverted triangles, and circles, respectively) have almost the same spectra and present their



Materials 2015, 8 4263

maximum absorption at around 440 nm with a FWHM of approximately 120 nm; while P4 (squares) has
its maximum at 400 nm and a shoulder at 455 nm. In addition, the same panel includes the absorption
spectrum of M1 in solution (upright triangles). On the same Figure 3a, we present the normalized
photoluminescence emission curve for P1 in solution (dashed line), for reference; its maximum is located
at 570 nm with a FWHM of 80 nm, and it has a shoulder at 625 nm. The emission spectra from P2, P3
and P4 are practically the same than P1 (see Figure S1 in supplementary information). It is observed that
there is an overlap between the P1-P4 emission region and the M1 absorption band that, in principle,
could lead to an energy transfer mechanism at short interaction range (Forster energy transfer).
Nonetheless, this mechanism in our films is rather weak and limited by the fact that the polymers have
low fluorescence quantum yields (0.15, 0.13, 0.10, and 0.12 for P1, P2, P3 and P4 in solution,
respectively [24]). In addition, it has been reported that for polythiophenes with a low ionization
potential, as those considered in this work, photoluminescence quenching is induced when PC¢1BM is
added in concentrations above 5% by weight [34,35]. Since our PC61BM concentration is much higher,
of the order of 200% by weight, we did not expect any noticeable photoluminescence from our samples.
We corroborated this assumption since we were unable to measure any light emission from any of the
thin film samples.
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Figure 3. (a) Normalized absorption spectra of polythiophene derivative P1 (stars),
P2 (inverted triangles), P3 (circles), P4 (squares), and M1 molecule (upright triangles),
photoluminescence emission from P1 (dashed line), all spectra were acquired in solution;
(b) Normalized absorption spectra in solid state of P1:PCsi1BM mixture (1:2 by weight)
(open squares) and P1:PCe1BM:M1 mixture (1:2:1 by weight) (filled circles).

From Table 2, P1 and P2 have similar power conversion efficiencies, while P3 and P4 have a poorer
photovoltaic performance. The higher efficiencies obtained for P1 and P2 are consequence of the larger
degree of electronic delocalization that each of these polymers exhibits. As an indirect method to quickly
check this property, we measured their third-order optical nonlinearities, i.e., two-photon absorption.
It is worth noting that, in polymers, the level of nonlinearities is correlated with such electronic
delocalization. By using the TPEF technique [36], we found that the two-photon absorption cross
sections at 800 nm (under femtosecond pulse excitation) were 1935, 2579, 945 and 533 GM for P1, P2,
P3 and P4, respectively. Thus, the best photovoltaic performance observed in P1 and P2 could be
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attributed to their larger electronic delocalization in comparison with P3 and P4. Based on the previously
mentioned characteristics of the series of polymers P1-P4; we focus our discussion only on the samples
based on P1, with and without M1. We corroborated that the results (including transient absorption
signals) for the other polythiophenes were similar to those that will be presented for P1. Figure 3b shows
the absorption spectra of the polythiophene derivative P1 mixed with PCeiBM (1:2 by weight,
open squares) and of P1:PCseiBM:M1 (1:2:1 by weight, filled circles), both in solid state. The strong
absorption peak seen around 325 nm in both curves is attributed to PCs1BM [35]. The addition of M1
creates an absorption band starting at approximately 510 nm and extending to 700 nm. This increased
absorption is expected to lead to an increment of solar cell power conversion provided that the exciton
created in M1 can be dissociated through the interface with PCs1BM.

When light with energy equal to, or greater than, the optical gap of the donor material is incident on
the active layer of an OPV, part of it is absorbed exciting an electron from the HOMO level to above the
LUMO level. Due to the Coulombic attraction between the excited electron and the hole left behind,
a singlet exciton is created [21,37-39]. If the electron is initially excited to a state higher than the LUMO
level, it will relax to the LUMO typically in the first couple hundred femtoseconds [21,40]. For the
systems under study, the HOMO and LUMO levels are arranged as shown in Figure 4 according to the
data presented in Table 3 [24,25]. The energy of the LUMO levels is ordered as Ep1 > Em1 > Epcesinm,
which favors the direct transport of excitons created in P1 to the interface with PCs1BM, whether M1 is
present or not. Once, at the interface, the electron can be transferred to the PCsiBM LUMO while the
hole remains in the P1 HOMO (or M1 HOMO, when present) creating a CT state [21,34,35,37,38,40,41]
that represents the minimum energy required for exciton dissociation. From data in Table 3, we can
estimate that the CT state of the mixture containing M1 is approximately 1.52 eV (814 nm), while for
the mixture without M1 is 1.85 eV (668 nm). Additionally, when the pump beam excites the sample with
M1, there can be photoexcitation of the boronate, creating its own excitons. These species can also be
transported to the interface with PCs1BM, to form a CT state, due to isoenergetic transport because the
LUMO levels of M1 and PCs1BM are partially aligned. Therefore, we expect that the incorporation of
M1 to the samples will have at least two significant effects, besides the broadening of the absorption
spectrum of the blend: first, it introduces an intermediate state between the LUMO levels of P1 and
PCs1BM that favors exciton or electron transport to the fullerene interface, and second, it reduces the
energy gap of the CT state. Thus, the introduction of M1 to the active layer of the BHJ can provide new
channels for charge transport to the interface with PC¢1BM. These mechanisms need to be corroborated
by time resolved measurements.

Figure 5 shows transient absorption curves for both mixtures, P1:PCsiBM in panel (a) and
P1:PCeiBM:MI1 in (b), using two different probe wavelengths, 550 nm and 735 nm. Each one of these
measurements was carried out independently, and, for different samples with identical preparation, at
least eight times; Figure 5 shows the data average. With a 550 nm probe (triangles) both samples undergo
ground state bleaching, i.e. negative TA signal, and have approximately the same value at all delay times
accessible in the experiments. This negative signal is expected at this probe wavelength due to the strong
absorption from the ground state of the samples [34,35]. For 735nm (circles), a positive transient signal
is observed. We assume that the probe energy falls within the polaronic band of P1 [32,33]. At this probe
wavelength, both systems present a sharp increase immediately after excitation, followed by decay
within the first nanosecond. Note that the curves do not go down to zero in the time scales that are
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accessible in our experiment; this means that there is at least one recombination mechanism with a time
constant much longer than our experimental temporal range. We have taken these possible mechanisms
into account by adding a vertical offset to our fitting curves. The solid curves in Figure 5 are fits to
biexponential functions with a constant vertical offset. The estimated decay times for the mixture without M1
are 11 = 12 ps and 12 = 450 ps, while for the sample containing M1 we obtained 11 = 86 ps and 12 = 2260 ps.
We observe an increase in the time constants under the presence of M1. We interpret the initial decay
(shorter time constant, t1) as arising from the excitons and/or electrons that transfer from either the
LUMO level or the polaronic band of P1 to the LUMO level of PCsi1BM (or M1 when it is present);
while, for longer times (hundreds of picoseconds and few nanoseconds), the time constant (t2)
corresponds to a relaxation of the remaining excitons in the polymer, internal recombination and/or
intersystem crossing. We attribute the increase in the time constants (t1, 12) upon incorporation of M1,
to the close alignment of the LUMO levels of M1 and PCs1BM leading to isoenergetic transport;
this process generally requires a longer time (hundreds of picoseconds to few nanoseconds) than
downbhill transport [40], which is the dominant transport mechanism when M1 is absent.
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Figure 4. Schematic representation of HOMO and LUMO levels for mixtures:
(a) P1:PCa1BM (1:2 by weight) and (b) P1:PCsi1BM:M1 (1:2:1 by weight).

Table 3. Electrochemical HOMO and LUMO levels and GAP of P1, M1 and PCs1BM.

Electrochemical P1 M1 PCaBM
LUMO (eV) —-3.54 -3.66 -3.7
HOMO (eV) =5.55 =522 —-6.1

GAP (eV) 2.01 1.56 2.4

Table 4 summarizes the fitted time constants for the TA signals at the different probe wavelengths.
In all cases the fit was to a biexponential with a vertical offset. When the probe pulse is set to 650 nm
(at the tail of the absorption spectra of M 1) we are close to the polaronic band edge of P1 (corresponding
to the range 700 and 800 nm [33]). When the probe beam is tuned to 735 nm we expect to be probing
the P1 polaronic band, as it was mentioned above. Finally, for the case of a 900 nm probe we obtain a
very fast decay (t1) in both samples indicating an efficient transport and dissociation of exciton to the
interface with PCs1BM.
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Figure 5. Transient absorption signal of (a) P1:PCs1BM and (b) P1:PCciBM:M1 with a
pump wavelength of 400 nm with energy of 0.7 pJ/pulse and a probe wavelengths of
735 nm (black circles) and 550 nm (red triangles). Red lines are biexponential fittings and
the black lines at AT/T = 0 are shown as a guide to the eye.

Table 4. Time decay constants for transient absorption (TA) signal for the different studied samples.

Time Constants of biexpontial decay

Probe Wavelength (nm) P1:PCsiBM P1:PCBM:M1
Short 7, (ps) Long t; (ns) Shortt; (ps) Long 1; (ns)
650 17 0.36 47 2.31
735 12 0.45 86 2.26
900 4 1.25 0.92 0.212

We conclude that the presence of M1 in this system helps to more efficiently take the photoinduced
excitons or electrons in the polythiophene to the PCs1BM interface due to the LUMO alignment between
the two compounds. In addition, M1 contributes to the cell efficiency by producing its own excitons that,
given the LUMO alignment for the system, are transported to the interface with PCsi1BM. In order to
establish a connection with a system widely used in OPVs, we also prepared two more samples with a
mixture of PCs1BM and MEH-PPV, again one with and the other without M1. MEH-PPV is a widely
used polymer in organic optoelectronics that provides a well characterized material for comparison.
Due to experimental restrictions our MEH-PPV based cells exhibited a rather poor efficiency as
compared with state-of-the-art devices; our measured efficiencies were 0.11% for the sample without
M1, and 0.36% when M1 is incorporated. Although the MEH-PPV cells had such low efficiencies, a
three-fold enhancement of this parameter was measured upon addition of M1 [25]. This demonstrates
that the underlying enhancement mechanism is not restricted to our specific polythiophenes. While we
do not expect to have such large enhancements, or perhaps not to have any, for state-of-the-art devices
which comprise the use of donor materials of optimized electronic characteristics, we wanted to understand
the enhancement mechanism and to explore the viability of organometallic molecules in OPV devices.
Although some of the obtained numerical values varied, in general, we observed similar behaviors for
the P1 and MEH-PPV samples upon addition of M1 in the different spectral regions covered by our
experiments: energies above, within, and below the expected polaronic band (see supplementary material).
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As mentioned before, the efficiencies achieved in our solar cells are relatively poor; this is expected
due to the low regioregularity of the synthesized polythiophenes. Nevertheless, even with the low
efficiencies obtained, this study gives us a better understanding of the mechanisms behind the observed
enhancements. In some lateral preliminary work, we have recently incorporated the molecule M1 into
other new materials that are more efficient than those studied here, and have found that it still leads to
an efficiency improvement. Finally, as a remark, there are compounds that show much better efficiencies
than the ones reported and explained here, like P3HT. We tried to compare our work with this standard
but we found that P3HT and M1 could not form films of good optical quality.

In short, for all the samples under study the presence of M1 not only enhanced the absorption range
of the BHJ but also created new paths for charge transport from the electron donor polymer to the
interface with PCs1BM due to the positioning of the LUMO levels of M1 with respect to the polaronic
band. In parallel, the direct excitation of M1 also contributed to excite species that are transferred
efficiently to the interface with PCs1BM.

3. Experimental Section
3.1. Polythiophene Derivatives

Figure 1 shows the chemical structure of the different compounds used in this study. The four
polythiophene derivatives are: 2-(ethyl(4-(4-nitrostyryl)phenyl)amino)ethyl 2-(thiophen-3-yl)acetate
with 3-octylthiophene, poly(3-OT-co-3-TPhNOz2) (P1); 2-(ethyl(4-(4-nitrostyryl)phenyl)amino)ethyl
2-(thiophen-3-yl)acetate with 3-hexylthiophene, poly(3-HT-co-3-TPhNO2) (P2); 3-hexylthiophene and
(S)-(—)-1-(4-nitrophenyl)pyrrolidin-2-yl)methyl 2-(thiophen-3-yl)acetate, poly(3-HT-co-3TPyNOz) (P3);
and 3-octylthiophene and (S)-(—)-1-(4-nitrophenyl)pyrrolidin-2-yl)methyl 2-(thiophen-3-yl)acetate,
poly(3-OT-co-3-TPyNO2) (P4). Details of the synthesis and characterization of these materials are in [24].
This figure also presents the chemical structure of PCc1BM, and M1 [19]. All commercial chemicals
were purchased from Aldrich and Fermont and they were used without purification.

3.2. Sample Preparation

Our samples for transient absorption measurements were fabricated to replicate the active layer of the
OPV devices reported in references [24,25]. We prepared ten different solutions: one for each of the four
polythiophene derivatives (P1-P4) with PCei1BM in a weight ratio of 1:2, one for each of the four
polythiophene derivatives with PCs1BM and M1 in a weight ratio of 1:2:1, one for MEH-PPV with PCciBM
in a weight ratio of 1:2, and one of MEH-PPV with PCsi1BM and M1 in a weight ratio of 1:2:1 (see
supplementary material). Chloroform was used as solvent for the polythiophene derivatives except for P3 for
which toluene was employed because it does not dissolve in chloroform. For the MEH-PPV samples,
dichloromethane was used as solvent. Samples were deposited by spin-coating into thin films (between 80
and 120 nm in thickness) on top of glass coated ITO substrates under standard room conditions.

3.3. Steady-State and Transient Absorption Experiments

Steady-state absorbance spectra were obtained for all the samples, both in solution and in solid state,
using a spectrophotometer (Perkin Elmer, Lambda 900, Waltham, MA, USA) over a range from 300 to
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1200 nm. To study the photodynamics of the samples, we implemented a femtosecond transient
absorption (TA) two color spectrometer in a pump-probe configuration. In short, we measured the
transmitted intensity of a probe pulse through the thin films as a function of its time of arrival to the
sample after a more intense pump pulse. The wavelength of the probe pulse could be changed, while the
pump pulse was fixed at 400 nm. We define our TA signal as: TA = —AT/To = —(T—To)/To; where To
denotes the transmission through the sample in the absence of the pump pulse, and T is the transmission
when the pump pulse is present. According to this definition a positive transient absorption signal is due
to an increased absorption of the probe beam in the sample after excitation by the pump pulse, while a
negative TA signal indicates photobleaching and/or stimulated emission [34]. Our experimental setup is
shown in Figure 6. The laser source consisted of a “Libra” Ti: Sapphire Regenerative Amplifier (800 nm
wavelength, 50 fs FWHM pulse width, energy of 3.5 mJ/pulse, 1 kHz repetition rate, Coherent Inc.,
Santa Clara, CA, USA). The 800 nm beam from the Libra system was split into three parts. The first
part, approximately 1 W, was directed into an optical parametric amplifier (TOPAS, Light Conversion,
Vilnius, Lithuania) tunable from 285 to 2600 nm; the beam from the TOPAS system was used as the
probe pulse. The second part of the fundamental beam, approximately 140 mW, was frequency doubled
by a BBO crystal (500 um thick, 28.1°, from Inrad, Northvale, NJ, USA); the resulting 400 nm light was
used as the pump pulse with energy of approximately 0.7 pJ/pulse at the sample. We corroborated that
the TA decay traces were not affected by this pump energy level, thus discarding the possibility of
nonlinear interactions or artifacts. The transmission of the probe pulse through the sample was measured
by a PMT (Hamamatsu RT400U-02, Hamamatsu, Japan) mounted at the exit port of a monochromator
(Acton Research, SpectraPro-2500, Trenton, NJ, USA), in combination with a lock-in amplifier.
The sensitivity of our PMT cuts at approximately 820 nm. In order to detect probe pulses beyond this
wavelength, we implemented a sum frequency generation detection scheme. As shown in Figure 6,
the third part of the original beam (dashed red line) from the Libra system was mixed with the probe
pulse in a second BBO crystal (200 pm, 29.1° from EKSMA, Vilnius, Lithuania); thus allowing us to
convert the IR probe pulse into a spectral range that can be detected by our PMT. A delay line based in a
translation stage was used to control the time of arrival of the probe pulse with respect to the pump pulse.

A

TOPAS (275 nm — 2600 nm)

Lock—in
Amplifier

Figure 6. Experimental setup for ultrafast two color transient absorption spectrometer.
M, L, BS, and PMT denote mirror, lens, beam splitter, and photomultiplier tube, respectively.
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4. Conclusions

In this paper, we analyze transient and stationary absorption measurements to elucidate why the
incorporation of the organo boron molecule M1 into the active layer of solar cells, based on
polythiophene derivatives P1-P4, induces an improvement of the power conversion efficiency by a
factor of almost two. We conclude that the incorporation of M1, not only broadens the absorption spectra
towards the infrared region but also modifies the temporal constants involved in the observed
biexponential decays. For the P1 samples probed at 735 nm, the increase in the decay constants is of up
to seven times. We attribute these results to M1 providing an additional path for exciton and/or electron
transport to the PCs1BM interface. We found that excitons can migrate from the excitonic band to the
LUMO level of M1, and then to the interface with PCs1BM, or directly from the LUMO levels of P1 to M1
and then to PC1BM. Similar results and trends were obtained for the MEH-PPV system.
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