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ABSTRACT

The charge carrier dynamics in blend films of poly[2,6-(4,4-bis-(2-ethylhexyl)-4 H-cyclopenta[2,1-b;3,4-
b’]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) and [6,6]-phenyl-Cei-butyric acid methyl
ester (PCBM) was studied by transient absorption spectroscopy in order to address the origin of limited
external quantum efficiency (EQE) of this solar cell compared to that of a benchmark solar cell
composed of regioregular poly(3-hexythiphene) (RR-P3HT) and PCBM. Upon photoexcitation,
PCPDTBT singlet excitons promptly convert to the interfacial charge transfer (CT) state that is a
coulombically bound charge pair of PCPDTBT polaron and PCBM anion at the heterojunction with
almost 100% efficiency in a picosecond. In other words, the exciton diffusion efficiency #ep and charge
transfer efficiency 5ct are 100% in this blend, which are higher than and comparable to those of the RR-
P3HT/PCBM solar cell, respectively. On a time scale of nanoseconds, 70% of the PCPDTBT bound
polarons are dissociated into free charge carriers and the others recombine geminately to the ground
state through the CT state. The charge dissociation efficiency ncp = 70% is lower than that of RR-
P3HT/PCBM solar cells. The PCPDTBT dissociated polarons recombine bimolecularly on a time scale
of nano- to microseconds with a charge lifetime of ~1077 s, which is shorter than that observed for RR-
P3HT/PCBM blends. In summary, the lower charge dissociation efficiency and shorter charge lifetime
are the limiting factors for the photovoltaic performance of PCPDTBT/PCBM solar cells. Furthermore,
the origin of such limitation is also discussed in terms of the charge dissociation and recombination

through the interfacial CT state in PCPDTBT/PCBM blends.



1. Introduction

---<<< Figure | >>>---

Currently, the power conversion efficiency (PCE) of polymer/fullerene solar cells is approaching
10%.'> One of the key materials to the remarkable progress is low-bandgap polymers, which can
absorb more photons in the near-IR region than conventional conjugated polymers such as regioregular
poly(3-hexylthiophene) (RR-P3HT) and therefore can increase the short-circuit current density (Jsc)
effectively. Most of the low-bandgap polymers have electron donor and acceptor units arranged

alternatively in the main chain.’*”

The donor/acceptor linkage induces an intramolecular donor—
acceptor interaction resulting in the reduction of the bandgap energy. Poly[2,6-(4,4-bis-(2-ethylhexyl)-
4H-cyclopenta[2,1-b;3,4-b’|dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) is a typical low-
bandgap polymer that consists of cyclopentadithiophene donor units and the benzothiadiazole acceptor
units in the main chain (Figure 1a). Because of the donor—acceptor interaction, this polymer has a red-
shifted absorption up to ~800 nm. The PCPDTBT-based polymer solar cell was first reported in 2006,°
and its PCE was improved in excess of 5% by using an additive with a high boiling point.” In particular,
Jsc exceeds 15 mA cm2, which cannot be obtained by conventional polymers studied so far. However,
this is still far below the maximum Jsc of 23.8 mA cm™ for the 100% light harvesting up to 800 nm.*
This is because the external quantum efficiency (EQE) is as low as 50% for the PCPDTBT-based
polymer solar cell.5° In other words, the potential PCE would exceed 8% if EQE could be improved
up to 80% as is the case for a benchmark solar cell composed of RR-P3HT and [6,6]-phenyl-Cs1-butyric
acid methyl ester (PCBM). Previous studies have shown the rapid charge generation (<0.1 ps) by
ultrafast transient absorption spectroscopy of PCPDTBT/PCBM blends.!!!> On the other hand, device

analysis studies have shown that the bimolecular recombination controls the solar cell performance of

the PCPDTBT/PCBM solar cell.*!*!> However, the origin of the low EQE is still not fully understood:



the charge dissociation efficiency is not evaluated quantitatively or little is known about the mechanism
of the bimolecular recombination.

Herein we comprehensively study the charge generation and recombination dynamics in
PCPDTBT/PCBM blends by transient absorption spectroscopy. Consequently, we found that singlet
excitons convert to the interfacial charge transfer (CT) state that is a bound charge pair of PCPDTBT
polaron and PCBM anion at the heterojunction with 100% efficiency followed by the charge
dissociation into free charge carriers with 70% efficiency in competition with the geminate
recombination with 30% efficiency. Considering the delocalization of singlet excitons, we found a good
correlation between the singlet exciton size and the charge dissociation efficiency: larger singlet
excitons provide higher charge dissociation efficiency. Furthermore, we demonstrated that the fast
bimolecular recombination is due to the rapid recombination via the CT state by comparing the slow
recombination in RR-P3HT/PCBM blends. Comparing with RR-P3HT/PCBM solar cells, we discuss
the origin of the limited EQE of PCPDTBT/PCBM solar cells in terms of the charge generation and

recombination mechanism.

2. Experimental

Materials: The following chemicals were used without further purification: PCBM (99.9%, Frontier
Carbon), 1,8-diiodooctane (DIO, Wako), and chlorobenzene (Wako). The low-bandgap polymer
PCPDTBT was synthesized as described elsewhere. !

Sample Fabrication: Polymer/fullerene blend films were prepared on glass substrates by spin-coating
from a chlorobenzene solution of PCPDTBT and PCBM with 2 vol% of DIO at a spin rate of 1000 rpm
after the spin rate of 400 rpm (10 s) under ambient conditions. The film thickness was typically 300 nm.
The weight fraction of PCBM was set at 50 wt%. The blend solution was stirred at 40 °C overnight to
be dissolved homogeneously. Before the spin-coating, the glass substrates were cleaned by ultrasonic

treatment in toluene, acetone, and ethanol sequentially for 15 min each, and then with a UV—ozone



cleaner (Nippon Laser & Electronics Lab., UV253) for 1 h.

Measurements: Transient absorption data were collected in a nitrogen-purged quartz cuvette with three
different spectrometers as described below. The femtosecond transient absorption data were collected
with a pump and probe transient absorption spectroscopy system (Ultrafast Systems, Helios). The pump
light was fundamental pulses (800 nm, fwhm 100 fs, 1 kHz) from a regeneratively amplified Ti-sapphire
laser (Spectra-Physics, Hurricane). The probe beam was detected with a CMOS linear sensor (Ultrafast
Systems, SPEC-VIS) for the visible wavelength range from 400 to 900 nm and with an InGaAs linear
diode array sensor (Ultrafast Systems, SPEC-NIR) for the near-IR wavelength range from 850 to 1600
nm. The typical noise level of this system is lower than 2 x 10~* in absorbance. The nanosecond
transient absorption data were collected with a pump and probe transient absorption spectroscopy
system (Ultrafast Systems, EOS). The excitation source was the same as that employed in the
femtosecond system. The continuum probe pulse (380 to 1700 nm, 0.5 ns pulse width, 20 kHz
repetition rate) was generated by focusing a Nd:YAG laser pulse into a photonic crystal fiber. The
probe pulses were synchronized with the femtosecond amplifier, and the delay time was controlled by a
digital delay generator electrically (CNT-90, Pendulum Instruments). For the microsecond transient
absorption measurement, the sample was excited with a light pulse (800 nm, 4 Hz) from a dye laser
(Photon Technology International, GL-301) that was pumped with a nitrogen laser (Photon Technology
International, GL-3300), and probed with a monochromatic light from a 50-W quartz tungsten halogen
lamp (Thermo—ORIEL, Model 66997) with a light intensity controller (Thermo—ORIEL, Model 66950),
which was equipped with appropriate optical cut-filters and two monochromators (Ritsu, MC-10N)
before and after the sample to reduce stray light, scattered light, and emission from the sample. The
probe light was detected with a pre-amplified Si photodiode (Costronics Electronics) for the visible
wavelength range from 700 to 1100 nm, and pre-amplified InGaAs photodiode (Newport 1811s) for the
near-infrared wavelength range from 900 to 1500 nm. The detected signal was sent to the main

amplification system with an electronic band-pass filter (Costronics Electronics) to improve the signal-



to-noise ratio. The amplified signal was collected with a 200-MHz digital oscilloscope (Tektronix,
TDS2022), which was synchronized with a trigger signal of the laser pulse from a photodiode (Thorlabs,
DET10A). The detectable absorbance change AOD is as small as ~10> — 10® depending on the

measuring time domain.

3. Results

Figure 1c shows the absorption spectra of PCPDTBT/PCBM (50:50 w/w) blend films fabricated
with DIO as an additive. Note that all the blend films employed in this study were fabricated with DIO
unless otherwise noted. A large absorption band observed at around 700 nm is ascribed to the
intramolecular donor—acceptor interaction band as reported previously.® In addition, an absorption
shoulder observed at around 800 nm is ascribed to the ordering of PCPDTBT as reported previously.!”!
Comparing to the absorption of PCPDTBT in toluene, it is found that the ordered PCPDTBT domains
can be selectively excited at 800 nm. On the other hand, no fluorescence was observed for the blend
films. In other words, the exciton quenching efficiency is almost 100% for PCPDTBT/PCBM blend

films. Furthermore, the hole mobility in the blend was evaluated to be un =4 x 10™* cm? V™! s7! (see the

Supporting Information).

---<<< Figure 2 >>>---

Figure 2a shows the transient absorption spectra of PCPDTBT neat films immediately after the
laser excitation (<0.1 ps) at 800 nm under various excitation intensities. At low excitation intensities,
the absorption peak was found at around 1500 nm. This absorption band is ascribed to PCPDTBT
singlet excitons because the decay constant is consistent with the fluorescence lifetime (220 ps). At
high excitation intensities, an additional absorption shoulder was observed at around 1200—-1300 nm.

This absorption is ascribed to PCPDTBT polarons as described below. Figure 2b shows the initial



absorbance of PCPDTBT singlet excitons and polarons under various excitation intensities. Below a
fluence of 16 uJ cm 2, the slope for the initial absorbance of PCPDTBT singlet exciton was unity,
suggesting that bimolecular processes are negligible. Above the fluence of 16 pJ cm2, the slope was
0.5, suggesting bimolecular quenching of PCPDTBT singlet exciton. On the other hand, above the
fluence of 16 uJ cm 2 the slope for the initial absorbance of PCPDTBT polaron was 2, suggesting that
polarons are generated via a bimolecular reaction. Thus, we conclude that PCPDTBT polarons are
generated within a laser pulse width of 0.1 ps via the singlet—singlet exciton annihilation without exciton
diffusion (or two-photon absorption). From the photon density at the threshold (= 1.6 x 10'® cm™), the
interaction radius of the PCPDTBT singlet exciton is estimated to be rex = 4.2 nm at <0.1 ps after the
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excitation at 800 nm as reported previously.”” Note that the singlet exciton is simply assumed to be a

sphere.

---<<< Figure 3 >>>---

Figure 3 shows the transient absorption spectra of a PCPDTBT/PCBM blend film from <0.1 ps
to 3 ns after the laser excitation at 800 nm. As mentioned before, the ordered PCPDTBT domains are
selectively excited at this wavelength and no PCBM is excited. Thus, we can focus on the charge
generation dynamics from PCPDTBT singlet exciton in the ordered domains. As shown in Figure 3, a
broad absorption up to 1500 nm was observed immediately after the laser excitation, the absorption at
around 1500 nm disappeared rapidly, and instead the absorption band at around 1250 nm was
pronounced in a few picoseconds. The absorption band at around 1250 nm subsequently decayed in a
few nanoseconds. Note that the transient spectra are dependent on the excitation intensity and
wavelength: prompt exciton decay and charge generation due to the singlet—singlet exciton annihilation
are involved under higher excitation intensities, and PCPDTBT polaron formation in disordered

domains is involved upon the photoexcitation at short wavelengths (see the Supporting Information).



The absorption band at 1500 nm is ascribed to PCPDTBT singlet excitons as mentioned above. On the
other hand, the absorption band at 1250 nm is ascribed to PCPDTBT polarons?’?! because it was still
observed on a time scale of microseconds and was not quenched in an oxygen atmosphere (see the
Supporting Information). Note that PCBM anion has a small absorption band with a molar absorption
coefficient of 6000 M~! cm™' at 1020 nm, which is much smaller than that of PCPDTBT polarons.?? In
summary, PCPDTBT singlet excitons rapidly disappear and instead PCPDTBT polarons are rapidly

generated in a few picoseconds. This is consistent with the efficient fluorescence quenching.

---<<< Figure 4 >>>---

To analyze the charge generation dynamics in detail, we resolved the transient absorption spectra
into PCPDTBT singlet exciton and polaron by spectral simulation as shown in Figure 4a. The
absorption spectrum of the PCPDTBT neat film at <0.1 ps can be used as that of PCPDTBT singlet
excitons. The absorption spectrum at 2 ps of the PCPDTBT/PCBM blend film can be used as that of
PCPDTBT polarons because the spectral change is finished before 2 ps. As a result, we obtained the
time evolution of PCPDTBT singlet excitons and polarons generated in PCPDTBT/PCBM blend films
excited at 800 nm. As shown in Figure 4b, PCPDTBT singlet excitons decayed and PCPDTBT
polarons were generated with the same time constant. This suggests that PCPDTBT polarons are
directly generated from PCPDTBT singlet excitons. The charge generation time constant is evaluated to
be 0.6 ps for the PCPDTBT/PCBM blend. Furthermore, 35% of PCPDTBT polarons were promptly

generated within the laser pulse width (~0.1 ps).

---<<< Figure 5 >>>---



Figure 5 shows the transient decay of PCPDTBT polaron monitored at 1240 nm in the sub-
nanosecond time regime after the laser excitation at 800 nm under various excitation conditions. The
decay dynamics is independent of the excitation intensity under the low excitation condition (<20 pJ
cm 2), suggesting monomolecular recombination.  Furthermore, the photobleaching at 700 nm
recovered with the same time constant (see the Supporting Information). Therefore, the decay dynamics
is ascribed to the monomolecular recombination of PCPDTBT bound polarons to the ground state.
Indeed, the decay dynamics can be well fitted by a single exponential function with a constant fraction:
AOD = A exp(—t/tm) + B. From the fitting, the decay constant and each fraction are evaluated to be tm =
480 ps and A : B =30 : 70, respectively. Note that the decay dynamics is dependent on the excitation
intensity under the high excitation condition (>20 uJ cm?), suggesting bimolecular recombination of
dissociated polarons which are promptly generated by the singlet—singlet exciton annihilation as

mentioned before. Such rapid bimolecular recombination has been reported in a recent paper.>

---<<< Figure 6 >>>---

Figure 6a shows the transient decay of PCPDTBT polaron monitored at 1240 nm from 1 ns to 1
ms after the laser excitation at 800 nm under various excitation conditions. The charge carrier density
was estimated as described in the Supporting Information. Note that the transient signals were not
quenched by oxygen atmosphere, suggesting that no triplet exciton is involved in the transient signals.
For comparison, the transient decay of P3HT polaron monitored at 1000 nm in RR-P3HT/PCBM is also
shown in Figure 6b. No decay was observed at an early time stage, and the power-law decay was
observed at a later time stage. All the decay dynamics can be well fitted by an empirical power-law
equation

n(t) =no(l + at)™ (1)

where n(f) is the carrier density at a delay time ¢, no is the carrier density at + = 0, and o and a are



parameters. The exponent a represents the slope of the decay in the log—log plots. The inverse of the
parameter « is indicative of the time for the carrier density to start decreasing. As shown in the figure,
the exponent is constant a = 0.5 for PCPDTBT/PCBM and RR-P3HT/PCBM, which are in agreement

with previous reports.?%-2*

The power-law kinetics with a < 1 is characteristic of trap-limited
bimolecular recombination.’> The exponent a of PCPDTBT/PCBM and RR-P3HT/PCBM is
independent of the excitation intensity. On the other hand, the parameter « of PCPDTBT/PCBM is
almost independent of the excitation intensity while the parameter a of RR-P3HT/PCBM decreases with

increasing excitation intensity. The charge lifetime will be discussed later on the basis of parameter a.

4. Discussion

First, we focus on the charge generation dynamics in PCPDTBT/PCBM blends. As mentioned
before, PCPDTBT bound polarons are rapidly generated with a time constant of 0.6 ps. This is much
faster than that observed for RR-P3HT/PCBM crystalline blends (8 ps), but similar to that observed for
RRa-P3HT/PCBM amorphous blends (0.2 ps).?® This finding suggests that PCBM molecules are likely
to be molecularly dispersed and hence efficiently quench neighboring PCPDTBT singlet excitons even
though the DIO additive can effectively promote the ordering of PCPDTBT and the phase separation in
PCPDTBT/PCBM blends as reported previously.?””® Indeed, we found larger phase separation for
PCPDTBT/PCBM blend films fabricated with DIO.!® We therefore conclude that large phase-separated
domains in PCPDTBT/PCBM blends are not pure but should involve minor counterpart. This is
consistent with a recent study, which has shown multi-length-scale morphologies in PCPDTBT/PCBM
blends.”’ Here we note that the charge generation is much more rapid than the lifetime of the singlet
exciton. In other words, the exciton diffusion efficiency #ep to and the charge transfer efficiency #cr at
a donor/acceptor interface are estimated to be 100% in PCPDTBT/PCBM blend films. The almost
100% charge generation yield is the same as those for amorphous blends such as RRa-P3HT and

PCBM?® or a carbazole-based copolymer (PCDTBT) and PCBM,* but larger than those for RR-
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P3HT/PCBM crystalline blends.

Next, we move on to the monomolecular recombination dynamics on a time scale of sub-
nanoseconds. Before discussing the decay dynamics, we should note that there is no spectral difference
between PCPDTBT dissociated polaron and PCPDTBT bound polaron at the interface (the interfacial
CT state). In contrast, as reported previously,?* P3HT polarons generated in RR-P3HT/PCBM blend
films exhibit different absorption bands: P3HT delocalized polarons in crystalline domains (700 nm),
P3HT localized polarons in disordered domains (1000 nm), and P3HT polarons bound to PCBM anions
in disordered domains (800 nm). This is probably because PCPDTBT forms amorphous films unlike
crystalline RR-P3HT.!33132 Here we therefore assign the transient absorption on the basis of the decay
analysis instead of the spectral analysis. As mentioned before, the monomolecular decay dynamics of
PCPDTBT polaron is in good agreement with the recovery dynamics of the photobleaching, suggesting
the geminate recombination to the ground state. Furthermore, this decay constant z, = 480 ps is in good
agreement with the lifetime of the interfacial CT state emission at 1100 nm observed for
PCPDTBT/PCBM blend films (480 ps).>* We therefore conclude that the PCPDTBT polarons initially
form interfacial CT state. Here, we define the interfacial CT state as a coulombically bound charge pair
of PCPDTBT polaron and PCBM radical anion. Subsequently, the interfacial CT states are dissociated
into dissociated charge carriers or recombine to the ground state with a time constant of 480 ps. In other
words, the monomolecular recombination is ascribed to the geminate recombination from the interfacial
CT state to the ground state. From the fitting parameters, the charge dissociation efficiency #cp is
estimated to be 70%, which is consistent with a recent paper.** We note that 7cp is much larger than the
prompt polaron generation yield at <0.1 ps (35%) as mentioned above. If the dissociated charges were
due to the prompt polaron generation at <0.1 ps as proposed in the recent paper,®* 7cp would be the
same as the prompt polaron generation yield. However, this is not the case. We therefore conclude that
the interfacial CT state is an intermediate source of the charge dissociation. Thus, the charge

dissociation and recombination rates are estimated to be kais = 1 x 10° s7! and ke = 6 x 10% 57,
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respectively. This charge dissociation efficiency (7cp = 70%) is larger than that for RRa-P3HT/PCBM
(31%) but lower than that for PSHT/PCBM blend films (80-90%). On the other hand, the interaction
radius of the PCPDTBT singlet exciton is 7ex = 4.2 nm, which is larger than that of the RRa-P3HT
singlet exciton (rex = 3.2 nm) and smaller than that of the RR-P3HT singlet exciton (rex = 4.3-6.7
nm).!%¥3¢ In other words, singlet excitons of PCPDTBT are more delocalized than that of RRa-P3HT,
but more localized than that of RR-P3HT. Interestingly, there is a good correlation between 7cp and the
interaction radius of singlet excitons, as we previously proposed.!*?® More delocalized singlet excitons
would convert to electron—hole pairs with a larger separation distance at heterojunctions, and hence
provide a larger #cp. Durrant et al. pointed out that the effective Coulomb capture radius would be
reduced to ~4 nm at a typical donor/fullerene heterojunction by considering the change in entropy
associated with a change from a single exciton to two separated charges.’’ This is consistent with the
correlation between 7cp and the interaction radius of singlet excitons. In a recent paper, Kohler et al.
demonstrated that the more delocalized excited state gives the larger field-dependent photocurrent yield
in planar heterojunctions.*® We therefore conclude that the delocalization of singlet excitons has crucial

impact on #cp.

—_—<<< Figure 7 >>>o-

---<<< Scheme 1 >>>---

Finally we discuss the bimolecular recombination dynamics on a timescale of nano- to
microseconds. As described above, all the decay dynamics on this timescale can be well fitted by eq 1
with a = 0.5, which is indicative of trap-limited bimolecular recombination. In the bimolecular charge
recombination, the charge carrier density n(¢) is given by

dn(t)/dt = —y(t)n’(¢) (2)
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where y(7) is the bimolecular recombination rate at a delay time 7. By inserting eq 1 into eq 2, the time-
dependent bimolecular recombination rate can be obtained by
y(¢) = aano (1 + at)* ™V 3)
Here, the charge carrier lifetime z. is defined by
= [7(0) no] ' = (aq)”! “

As shown in Figure 7, the charge carrier lifetime 7. is of the order of ~10~7 s for PCPDTBT/PCBM
blends, which is consistent with that estimated from the device analysis.® On the other hand, the charge
collection time at the short circuit can be roughly estimated to be fcc® =2 x 1077 s as a transit time
ddc/(Vu) where d is the thickness of the active layer (100 nm), dc is the average collection length (= d/2),
V is the internal bias (0.6 V), and u is the charge mobility (4 x 10™* cm? V! s7!). The charge collection
time at the open circuit can be roughly estimated to be #cc®“ = 1 x 107 s as a diffusion time dc?/(2D) =
qd*/(8ksTu) where D is the diffusion constant of charge carriers (= ksTu/q), ks is the Boltzmann
constant, 7 is temperature, and ¢ is the elementary charge. Thus, the charge carrier lifetime 7. in
PCPDTBT/PCBM blends is comparable to tcc>C but shorter than tcc®“. This is different from that in
RR-P3HT/PCBM blends where 7. is as long as ~107> — 10™* s even under the open-circuit condition (n =
10 — 10'7 ¢cm™). Such a long lifetime of charge carriers is ascribed to the reduced bimolecular
recombination in RR-P3HT/PCBM blends. As reported in many studies, the bimolecular recombination
rate in RR-P3HT/PCBM blends is at least two orders of magnitude slower than the Langevin
recombination rate y.>%*" The reduced bimolecular recombination is indicative of the non-diffusion-
limited recombination.*'™® In the case of the non-diffusion-limited recombination, the recombination
kinetics can be summarized as shown in Scheme 1. Under the steady state condition, the apparent

).4 As described above,

recombination rate is given by Arec/(krec + kdis)yL (see the Supporting Information
kdis 1s comparable to kwec for PCPDTBT/PCBM blends. On the other hand, Aqis is much larger than rec
for RR-P3HT/PCBM blends as reported previously.?**#  As a result, in contrast to RR-P3HT/PCBM

blend films, the apparent recombination rate would be reduced only by a factor of ~1/3 compared to yL
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for PCPDTBT/PCBM. Indeed, the bimolecular recombination rate in PCPDTBT/PCBM blends at n =

106 — 10'7 cm™ is evaluated by eq 3 to be of the order of ~107'° cm® s™!, which is comparable to the

3571, We therefore conclude that the charge collection is

Langevin recombination rate y. = 8 x 107° cm
one of the limiting factors to the device performance of PCPDTBT/PCBM solar cells because of the

faster bimolecular recombination.

5. Conclusions

The charge generation and recombination dynamics in PCPDTBT/PCBM blend films were
studied by transient absorption spectroscopy. In PCPDTBT neat films, only PCPDTBT singlet excitons
are generated under low excitation conditions, but PCPDTBT polarons are additionally generated under
high excitation conditions because of the singlet—singlet exciton annihilation. The interaction radius of
the PCPDTBT singlet exciton is estimated to be rex = 4.2 nm. In PCPDTBT/PCBM blend films,
PCPDTBT singlet excitons promptly convert to the interfacial CT state that is a coulombically bound
charge pair of PCPDTBT polaron and PCBM anion in a picosecond. In other words, the efficiency of
the exciton diffusion to a donor/acceptor interface n#ep and the charge transfer at the interface zcr is
100%. This is because PCBM molecules are likely to be homogeneously dispersed in amorphous blend
films. Such 100% efficiency in #ep and zcr is found in other amorphous polymer blends such as RRa-
P3HT/PCBM and PCDTBT/PCBM. On a time scale of nanoseconds, 70% of the interfacial CT state
are dissociated into free charge carriers and the rest of them recombine geminately to the ground state.
PCPDTBT/PCBM blend films have a dissociation efficiency #ncp is 70%, which is higher than that of
RRa-P3HT/PCBM but lower than that of RR-P3HT/PCBM. Interestingly, there is a good correlation
between the dissociation efficiency and the interaction radius of singlet excitons: #cp = 30% and rex =
3.2 nm for RRa-P3HT, 70% and 4.2 nm for PCPDTBT, 80-90% and 4.3—6.7 nm for RR-P3HT. Thus,
we conclude that the larger singlet exciton would provide a larger 5cp in polymer/PCBM blends.

Subsequently, PCPDTBT dissociated polarons recombine bimolecularly with the power-law kinetics

14



from a time scale of tens nanoseconds, while P3HT polarons decay bimolecularly from a time scale of
microseconds. Thus, the charge carrier lifetime in PCPDTBT/PCBM blends is estimated to be as short
as ~1077 s, which is comparable to the charge collection time at the short circuit but shorter than the
charge collection time at the open circuit. Such short lifetime of PCPDTBT dissociated polarons would
lower the charge collection efficiency especially as the applied voltage is approaching Voc. We
therefore conclude that the limited EQE of PCPDTBT/PCBM solar cells is ascribed mainly to the lower
charge dissociation and the shorter charge lifetime. In contrast, the long lifetime of P3HT dissociated
polarons is due to the reduced bimolecular recombination. Such slow bimolecular recombination results
from non-diffusion-limited recombination due to the high dissociation efficiency in P3HT/PCBM. In
other words, the high dissociation efficiency would be the origin of the reduced bimolecular
recombination in P3HT/PCBM. On the other hand, the faster recombination in PCPDTBT/PCBM
results from the low dissociation efficiency, which is due to the formation of the interfacial CT state at
the interface because the dissociation from the CT state is limited by the competitive geminate
recombination. Such interfacial CT state would be formed from the smaller singlet exciton because of
the larger Coulomb interaction. We therefore conclude that the larger singlet exciton is the key to the
higher dissociation efficiency and the reduced recombination, which are essential for highly efficient

polymer solar cells.
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Figure 1. Chemical structures of materials employed in this study: a) PCPDTBT and b) PCBM. c¢)
Absorption spectra of PCPDTBT/PCBM blend films (50:50 w/w) fabricated with DIO (solid line) and

of toluene solution of PCPDTBT (broken line).
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Figure 2. a) Transient absorption spectra of a PCPDTBT neat film immediately after the laser
excitation (<0.1 ps) at 800 nm with fluences of 4 (black), 8 (red), 16 (blue), 32 (green), 64 (orange), 96
(gray), and 128 pJ cm™? (purple) from bottom to top in the panel. The broken line shows a fitting line
by a Gaussian function for the spectrum at 4 uJ cm™> b) Log—log plots of the initial transient signals of a
PCPDTBT neat film of PCPDTBT singlet (open circles) and PCPDTBT polaron (open triangles). The

solid, broken, and dashed—dotted lines show the slope of 1, 0.5, and 2, respectively.
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Figure 3. Transient absorption spectra of a PCPDTBT/PCBM blend film fabricated with DIO at <0.1
(black), 2 (red), 10 (blue), 100 (green), 1000 (orange), and 3000 ps (gray) after the laser excitation at

800 nm with a fluence of 4 uJ cm=2. The broken line shows the base line.
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Figure 4. a) Transient absorption spectrum at 0.2 ps of the PCPDTBT/PCBM blend film fabricated
with DIO (open circles). The solid line shows the spectrum simulated by the sum of the absorption
spectra of PCPDTBT singlet exciton (broken line) and PCPDTBT polaron (dashed—dotted line). b) The
time evolution of PCPDTBT singlet exciton (open circles) and PCPDTBT polaron (open triangles) in
the PCPDTBT/PCBM blend film. The broken and solid lines show the fitting lines by exponential
functions: A exp(—t/zq) for the decay and A[1 — exp(—#/z)] + B for the rise kinetics with 7q = 7 = 0.6 ps
and A : B = 65 : 35. The dotted line shows the instrument response function of the femtosecond

transient absorption spectrometer.
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Figure 5. Transient decay at 1240 nm of PCPDTBT polaron in PCPDTBT/PCBM blend film excited at

800 nm with fluences of 1 (black), 20 (red), 30 (blue), 50 (green), and 80 (orange) pJ cm2.
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Figure 6. Transient decay of polymer polarons with fluences of 1 (orange), 2 (gray), 5(green), 10 (red)
and 20 puJ cm~2 (black): a) PCPDTBT polaron (1240 nm) in PCPDTBT/PCBM blends excited at 800 nm
and b) P3HT polaron (1000 nm) in RR-P3HT/PCBM blends excited at 400 nm. The gray broken lines

show the fitting curves by a power-law function: n(¢) = no(1 + at)™* with a = 0.5.
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Figure 7. Charge carrier lifetime z. defined by Equation 4 plotted against the initial charge carrier

density no: PCPDTBT polaron in PCPDTBT/PCBM blends (closed circles) and P3HT polaron in RR-

P3HT/PCBM blend films (open circles).
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SCEHEME TITLES

Scheme 1. Kinetic scheme for the bimolecular recombination via the interfacial CT state.

CT State di Free Charge
[D/A]=——=D+A
L
krec
Ground State
D+A

yL: the Langevin recombination rate, krc: the geminate recombination rate of the CT state, kais: the

charge dissociation rate into free carriers from the CT state
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