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Abstract: The charge generation and recombination dynamics in blend films of a poly(3-hexylthiophene)
(P3HT) and a methanofullerene derivative (PCBM) were comprehensively studied by transient absorption
spectroscopy in the wavelength region from 450 to 1650 nm under various excitation intensities and different
excitation wavelengths. In homogeneously mixed blend films of regiorandom P3HT (RRa-P3HT) and PCBM,
virtually all the excitons can reach the interface of RRa-P3HT/PCBM and then form bound radical pairs.
However, two-thirds of them geminately recombine to the ground state, and only one-third of them can be
dissociated into free polarons that survive up to milliseconds. In phase-separated blend films of regioregular
P3HT (RR-P3HT) and PCBM, almost all the excitons can reach the interface of RR-P3HT/PCBM, where
most of them can be dissociated into free polarons efficiently and the rest of them form bound radical
pairs. There are two pathways for the polaron generation: the prompt formation from hot excitons generated
near the interface on a time scale of <100 fs and the delayed formation via the exciton migration to the
interface on a time scale of ~10 ps. The thermal annealing improves the charge dissociation efficiency of
bound radical pairs. On the basis of such spectroscopic data, a series of fundamental photovoltaic conversion
processes are quantitatively analyzed. Consequently, it is concluded that there is not much difference in
the charge generation yield between RRa-P3HT/PCBM(50 wt %) and RR-P3HT/PCBM(50 wt %) blend
films. Rather, the charge dissociation and collection have a critical impact on the overall device performance
of P3HT/PCBM solar cells, where the phase-separated blend structures have a high tendency to form free

carriers and transport these free carriers to the electrode.

1. Introduction

Polymer solar cells are attracting extensive academic and
commercial interest for their potential applications to low-cost,
lightweight, large-area, and flexible solar energy conversion
platforms.>? In particular, they have a great advantage in that
they are suitable for simple solution processing, such as printing
and coating technologies.®>~® The photoactive layer of polymer
solar cellsis typically based on a bicontinuous blend of donor
and acceptor materials, such as a conjugated polymer and a
methanofullerene derivative, [6,6]-phenyl-Cg-butyric acid meth-
yl ester (PCBM), thereby drastically maximizing the interface
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area where photogenerated excitons can be dissociated.”®
Recently, power conversion efficiencies in excess of 7% have
been reported for a blend of a low-bandgap polymer and
[70]PCBM ([6,6]-phenyl-C1-butyric acid methyl ester).®*°
Theoretical analyses have demonstrated that optimized polymer
solar cells can have efficiencies of up to 10% for single cells
and 15% for tandem cells.***

Regioregular poly(3-hexylthiophene) (RR-P3HT) and PCBM
have been extensively studied as the most prominent materials
in polymer solar cells, exhibiting reproducible efficiencies
approaching 5% with relatively high externa quantum efficien-
cies (>80%) and high fill factors (~0.7).** ** These device
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parameters are still the highest in organic solar cells. Most
studies of the PBHT/PCBM blend devices have focused on the
optimization of device performance through control of material
properties such as regioregularity**** and molecular weight™®
of P3HT, and fabrication conditions such as thermal an-
nealing,*>***"1® solvent annealing,*>*° and additive process-
ing.%° All of these optimizations have a critical impact on phase-
separated structures of P3HT and PCBM in the active layer.
Recent morphological studies of the blend film have revealed
the existence of three characteristic phases: fibrillar networks
of P3HT crystals with typical widths of 13—15 nm, aggregates
of PCBM nanocrystals, and relatively disordered P3HT matrices
with PCBM nanocrystals.?* 23

On the other hand, the molecular understanding of a series
of fundamental processes**?® in polymer solar cells provides a
clear guideline for improving the device performance effectively.
Previous spectroscopic studies have provided information on
the ultrafast formation of polarons in polymer/PCBM blend
films.”2731 For P3HT/PCBM blend films, the ultrafast charge
transfer from P3HT to PCBM is on atime scale of <100 fs.2%°
The charge transfer from PCBM to P3HT is also asfast as <250
.3 Such an ultrafast charge-transfer rate is the origin of the
charge-transfer efficiency as high as ~100% at the interface of
P3HT/PCBM in blend films.® Recently a near-infrared photo-
luminescence (PL) study®? has shown that the PL intensity of
the charge-transfer exciton in P3HT/PCBM blend films is
strongly dependent on the regioregularities of P3HT, indicating
that the geminate recombination of the charge-transfer exciton
is closely related to the morphology of blend films. We also
have recently reported that the photophysics in P3HT pristine
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Figure 1. (a) Femtosecond transient absorption spectra of an RRa-P3HT
pristine film (broken line) measured at 0 ps and RRa-P3HT/PCBM (50 wt
%) blend films (solid lines) measured at 0, 0.2, 1, 100, and 3000 ps (from
top to bottom). The excitation wavelength was 400 nm (~30 uJ cm™2).
The transient absorption spectra were corrected for variation in the
absorption at an excitation wavelength of 400 nm. (b) Microsecond transient
absorption spectra of RRa-P3HT/PCBM (50 wt %) blend films measured at
05, 1, 2, 4, and 8 us (from top to bottom). The inset shows transient
absorption decays at 850 (upper) and 1030 nm (lower). The broken lines
represent fitting curves with a power-law equation: AOD(t) «< t™* The
excitation wavelength was 450 nm (~25 uJ cm™?).

filmsis strongly dependent on the regioregul arities.> However,
there are no systematic studies on the photophysics and
photochemistry in P3HT/PCBM blend films in terms of the
blend morphology depending on the regioregularities. Conse-
quently, the fundamental processesin P3HT/PCBM blend films
are not fully understood.

Herein we report a comprehensive spectroscopic study on
the charge generation and recombination dynamics in P3HT/
PCBM blend films with different regioregularities: RR-P3HT
is employed as a model of a self-organized polymer, and RRa-
P3HT is employed as a model of an amorphous polymer. We
measured the femtosecond transient absorption of such blend
films in the wavelength region from 450 to 1650 nm and
quantitatively analyzed the efficiency of the following funda-
mental processes. the exciton diffusion to a donor/acceptor
interface, the charge transfer at the interface, the charge
dissociation into free carriers, and the charge collection to the
electrodes. On the basis of these detailed analyses, we discuss
the relevance of the fundamental processes we observed to the
device performance of polymer solar cells.

2. Results

2.1. RRa-P3HT/PCBM. 2.1.1. Transient Absorption Spectra.
Figure 1a shows the transient absorption spectra of RRa-P3HT
pristine and RRa-P3HT/PCBM (50 wt %) blend films. As shown
by the broken line, the RRa-P3HT pristine film exhibited alarge
absorption band around 1000 nm at O ps, which is ascribed to
singlet excitons as reported previously.® On the other hand,
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the RRa-P3HT/PCBM blend film exhibited much smaller
absorption bands around 800 and 1000 nm immediately after
the laser excitation. Note that the negative signal around 500
nm is attributable to the photobleaching of the ground state of
RRa-P3HT, which is indicative of the generation of photoex-
citations such as excitons and polarons. The absorption signal
at 1000 nm of the blend film measured at 0 ps was less than
half that of the pristine film, which suggests that there exists a
rapid quenching pathway such as charge generation, even on a
time scale of <100 fs, in competition with rapid vibrational
relaxation of the singlet exciton.*® The singlet exciton band at
1000 nm decayed rapidly, and three absorption bands were
distinctly observed at 800, 1030, and 1600 nm. The absorption
peaks at 800 and 1600 nm red-shifted to 850 and >1600 nm
with time, respectively, while that at 1030 nm remained the
same. On a later time scale, as shown in Figure 1b, two
absorption bands were observed at 900 and 1030 nm. Both bands
exhibited power-law decay dynamics with an exponent of 0.35
over along time range extending to milliseconds, as shown in
the inset, suggesting trap-limited charge recombination between
polymer polarons and PCBM anions.®*3° The sharp absorption
band at 1030 nm is ascribed to the PCBM anion, as we have
reported previously.®” The broad absorption bands at 800 and
1600 nm are thus ascribed to polymer polarons in RRa-P3HT,
also consistent with the previous assignments.*®3° Therefore,
these findings suggest that polymer polarons and PCBM anions
are promptly generated even at 0 ps, and some of them survive
up to the millisecond time domain, as discussed later.

2.1.2. Charge Generation. To study the charge generation
dynamics in RRa-P3HT/PCBM blend films in more detail, we
measured the time evolution of transient absorption signals in
the earlier time domain up to 1 ps. As shown in Figure 2a, the
time evolution of transient absorption signals at 1600 nm was
well fitted with a monoexponential rise (0.24 ps, 32%) and a
constant fraction (68%). As mentioned above, this band is safely
ascribed to the polymer polaron band because it can be observed
separately. On the other hand, the transient signals at 1000 nm
are due to a superposition of polymer singlet excitons, polymer
polarons, and PCBM anionsin an earlier time domain, as shown
in Figure 1a, but can be ascribed to only polymer polarons and
PCBM anions at 1 ps. To extract the singlet exciton decay, we
subtract the transient signals at 1600 nm (closed triangles) from
those at 1000 nm (solid line): both signals are normalized at 1
ps. The extracted transient signals at 1000 nm (closed circles)
were well fitted with an exponential function with a decay
constant of 0.23 ps, which is in good agreement with the rise
constant of the polymer polaron band. This agreement suggests
that polymer polarons are not only promptly generated during
the laser excitation (<100 fs) but also rapidly generated with a
time constant of ~0.2 ps from polymer singlet excitons.
Furthermore, as shown in Figure 2b, no change in the ground-
state photobleaching signals at 470 nm was observed on atime
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Figure 2. Normalized femtosecond transient absorption signals at (a) 1000
nm (singlet exciton and polaron, S+P; solid line) and (b) 470 nm
(photobleaching, PB; closed squares) of RRa-P3HT/PCBM (50 wt %) blend
films excited at 400 nm (~30 «J cm™2). The closed circles show the decay
fraction at 1000 nm (singlet exciton, S) that is evaluated by subtracting the
transient absorption signa of RRa-P3HT polarons at 1600 nm (P, closed
triangles) from that at 1000 nm: both signals are normalized at 1 ps. The
subtracted transient absorption signa (closed circles) was fitted with a
monoexponential function: AOD(t) = Apexp(— t/tp). The transient
absorption rise at 1600 nm was fitted with an exponentia function and a
constant: AOD(t) = Ag[1 — exp(—t/zr)] + B. The transient absorption signal
at 470 nm was fitted with a constant: AOD(t) = constant. The broken lines
represent the best-fitting curves. The dotted line indicates the instrument
response function of the femtosecond transient absorption spectroscopy.

scale of <1 ps, indicating that no photoexcitations such as singlet
excitons return to the ground state. In other words, al of the
singlet excitons are separated into polymer polarons and PCBM
anions: the charge generation efficiency is as high as ~100%.
Note that triplet formation can be ruled out because of the slow
intersystem crossing rate (~1 ns™%) for polythiophene.*® This
finding is consistent with the high efficiency in the PL quenching
(Py ~ 100%, see the Supporting Information). The transient
absorption dynamics at 470 and 1000 nm were independent of
the excitation intensities ranging from 6 to 120 «J cm™2 (see
the Supporting Information), suggesting that both charge
generation processes (<100 fs, ~0.2 ps) are much faster than
other rapid competitive relaxations such as singlet exciton—exciton
annihilation reported for pristine films.334142

2.1.3. Charge Recombination and Dissociation. To study the
charge recombination dynamics in RRa-P3HT/PCBM blend
films, we measured the decay dynamics of three transient signals
on atime scale of nanoseconds: the ground-state photobleaching
(480 nm), RRa-P3HT polarons (850 nm), and PCBM anion
(1030 nm). Here we quantitatively analyzed the decay dynamics
at 480 and 1030 nm under a low excitation intensity of 12 uJ
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5108.
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10224.

(42) Watanabe, S.; Furube, A.; Katoh, R. J. Phys. Chem. A 2006, 110,
10173-10178.



Charge Generation and Recombination in P3HT/PCBM

ARTICLES

1&2) 1030 nm ;
@ \
205
Té E
5 O0ptgt—— +a
Z :b)480nm /
ap K
o
<

0 1000 2000 3000
Time / ps

Figure 3. Normalized femtosecond transient absorption decays of RRa-
P3HT/PCBM (50 wt %) blend films excited at 400 nm (~12 «J cm™?),
measured at (a) 1030 and (b) 480 nm. The transient absorption decays were
fitted with an exponential function and a constant: AOD(t) = Ap exp(—t/
7p) + B. The broken lines represent the best-fitting curves.

cm™?, because the decay dynamics at 850 nm is the same as
that at 1030 nm. As shown in Figure 3a, the transient absorption
decay of the PCBM anion was fitted with an exponential
function (813 ps, 69%) and a constant fraction (31%). On the
other hand, as shown in Figure 3b, the photobleaching signals
were also fitted with an exponential function (835 ps, 69%) and
a constant fraction (31%). Furthermore, the decay dynamics of
the RRa-P3HT polarons, the PCBM anion, and the ground-state
photobleaching was independent of the excitation intensities
ranging from 6 to 120 uJ cm™2, suggesting monomolecular
decay such as geminate recombination of bound radical pairs
(see the Supporting Information). Therefore, the agreement in
the time constant and the fraction shows that the decay
component can be ascribed to the geminate recombination of
polymer polarons and PCBM anions leading to the recovery to
the ground state. On the other hand, the constant component is
ascribed to dissociated free carriers, which would survive over
the millisecond time scale, as shown in Figure 1b.

2.2. RR-P3HT/PCBM. 2.2.1. Transient Absorption Spectra.
Figure 4 shows the transient absorption spectra of RR-P3HT
pristine and RR-P3HT/PCBM(5—50 wt %) blend films. As
shown by the broken line in Figure 4a, the RR-P3HT pristine
film exhibited alarge absorption band around 1200 nm at 0 ps,
which is ascribed to singlet excitons as reported previously.>
On the other hand, the RR-P3HT/PCBM blend films exhibited
a smaller absorption band around 1200 nm immediately after
the laser excitation at 400 nm. Note that the negative signal
around 500 nm is attributable to the photobleaching of the
ground state of RR-P3HT, which is again indicative of the
generation of photoexcitations such as excitons and polarons.
At alater time stage, the singlet exciton band disappeared, and
instead broad absorption bands were observed from 700 to 1000
nm. These bands decayed slowly and were hence observed even
on atime scale of milliseconds (see the Supporting Information).
We have previously ascribed these bands to polymer polarons
in RR-P3HT because they exhibited power-law decay dynamics
over along time range extending to milliseconds.*® As shown
in parts a—c of Figure 4, the singlet exciton band decreased

(43) Guo, J.; Ohkita, H.; Benten, H.; Ito, S. J. Am. Chem. Soc. 2009, 131,
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Figure 4. Femtosecond transient absorption spectra of an RR-P3HT pristine
film (broken line in panel & measured at O ps and (a—e) RR-P3HT/
PCBM(5—50 wt %) blend films (solid lines) measured at 0, 1, 10, 100,
and 3000 ps (from top to bottom in each panel). The excitation wavelengths
were (a—d) 400 nm (~15 xJ cm~2) and (€) 600 nm (~10 uJ cm™?). The
PCBM concentrations were (a) 5, (b) 20, and (c—e€) 50 wt %. The spectra
in panels d and e were measured after thermal annealing at 140 °C for 30
min. The transient absorption spectra were corrected for variation in the
absorption at the excitation wavelengths.

and the polaron bands increased with increasing PCBM
concentration, suggesting that the formation yield of polymer
polarons is dependent on the blend morphology. Figure 4d
shows the transient absorption spectra of the RR-P3HT/
PCBM (50 wt %) blend film after thermal annealing at 140 °C
for 30 min. The singlet exciton band at O ps slightly increased,
suggesting that some excitons cannot reach the P3HT/PCBM
interface because of the enlargement of P3HT domains due to
thermal annealing. This is consistent with the PL quenching
result as mentioned below. The ground-state photobleaching
spectra were also dependent on the PCBM concentration: the
bleaching peak at 610 nm, which corresponds to the absorption
shoulder in the ground-state absorption indicating the crystal-
lization of RR-P3HT, was less distinguished at higher PCBM
concentrations and before thermal annealing. Analysis of the
polymer polaron bands from 700 to 1000 nm in more detail
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Figure 5. Normalized femtosecond transient absorption signals of RR-
P3HT/PCBM (50 wt %) blend films after thermal annealing measured at
1200 nm (singlet exciton, S; closed circles) and 1000 nm (polaron, P; closed
triangles). The excitation wavelengths were (a) 400 nm (~15 xJ cm~2) and
(b) 600 Nm (~10 «J cm~?). The rise signals at 1000 nm were evaluated by
subtracting the transient absorption signals of singlet excitons at 1200 nm
from that at 1000 nm (see the Supporting Information). The transient
absorption decay at 1200 nm was fitted with a sum of two exponential
functions: AOD(t) = Ap; exp(—t/tpy) + Ap, exp(—t/tp,). The subtracted
transient absorption signal at 1000 nm was fitted with an exponential
function and a constant: AOD(t) = Ag[1 — exp(—t/tr)] + B. The broken
lines represent the best-fitting curves.

revealed that transient absorption signals around 800 nm
increased with increasing PCBM concentration on atime scale
of sub-nanoseconds. This absorption is different from that of
polaron bands at 700 and 1000 nm observed for RR-P3HT/
PCBM blend films on the microsecond time scale but is rather
similar to the polaron band at 800 nm observed for the
amorphous blend film of RRa-P3HT/PCBM, as mentioned
above. To excite the crystalline domain of RR-P3HT selectively,
we measured the transient absorption spectra of RR-P3HT/
PCBM(50 wt %) blend films after thermal annesaling upon
excitation at 600 nm. As shown in Figure 4e, the absorption
spectrum at 0 ps was different from those of blend films excited
at 400 nm, but rather similar to that of an RR-P3HT pristine
film, suggesting that no polarons are generated immediately after
the laser excitation. We will discuss later the formation
mechanism of polymer polaronsin terms of the crystallinity of
P3HT.

2.2.2. Charge Generation. To address the charge generation
mechanism in RR-P3HT/PCBM blend films, we measured the
decay of singlet excitons at 1200 nm and the formation of
polarons at 1000 nm upon excitation at 400 and 600 nm. As
mentioned above, the transient signal at 1200 nm is safely
ascribed to the polymer singlet exciton band on atime scale of
sub-nanoseconds. On the other hand, the transient signals at
1000 nm are due to a superposition of polymer singlet excitons,
polymer polarons, and PCBM anions in this time domain. We
therefore subtract the decay fraction of singlet excitons from
the transient signals at 1000 nm to extract the formation
dynamics of polarons. Details are given in the Supporting
Information. Figure 5 shows the time evolution of the decay of
singlet excitons at 1200 nm and the formation of polarons at
1000 nm in RR-P3HT/PCBM (50 wt %) blend films after thermal
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Figure 6. (a) Time constants (circles) for singlet exciton decay and polaron
formation in RR-P3HT/PCBM (5—50 wt %) blend films plotted against the
PCBM concentration. The time constants were obtained from the fitting of
the transient absorption decays at 1200 hm and the transient absorption
rises at 1000 nm. (b) Transient absorption signals for polarons observed at
1000 nm in RR-P3HT/PCBM (1—50 wt %) blend films plotted against the
PCBM concentration. The constant fraction B of thefitting function, AOD(t)
= Ag[1 — exp(—t/zr)] + B, was plotted as the prompt transient absorption
signas (<100 fs, squares). The total transient absorption signals (triangles)
were obtained from Az + B, where Ay is the delayed transient absorption
signas (~10 ps). The open and closed symbols represent the values
measured before and after thermal annealing, respectively. The transient
absorption signals were corrected for variation in the absorption at an
excitation wavelength of 400 nm.

annealing. For singlet excitons, the transient absorption decays
at 1200 nm were fitted independently of the excitation wave-
length with a sum of two exponential functions: AOD(t) =
Ap1 exp(—t/tp1) + Apz exp(—t/tpy). The longer lifetime tp, was
fixed to aPL lifetime of 330 ps to represent the monomolecular
decay dynamics of RR-P3HT singlet excitons.*® The shorter
lifetime was evaluated to be ~8 ps, which was independent of
the excitation wavelength. For polarons, the formation dynamics
of polarons at 1000 nm was fitted with a monoexponential rise
and a constant fraction. The rise time constant was evaluated
to be ~8 ps, which was aso independent of the excitation
wavelength. The agreement in the decay and rise time constants
of singlet excitons and polarons strongly suggests that polarons
are generated from singlet excitons. Interestingly, there was a
constant fraction of ~53% for the excitation at 400 nm but no
constant fraction for the excitation at 600 nm. In other words,
there are two pathways for the polaron generation upon
excitation at 400 nm: half of the polarons are promptly generated
on atime scale of <100 fs, and the other half are generated on
atime scale of tens of picoseconds. On the other hand, thereis
only one pathway for the polaron generation upon excitation at
600 nm, which corresponds to the absorption shoulder due to
the crystallization of RR-P3HT.

To further understand the origin of the two pathways for the
polaron generation in the RR-P3HT/PCBM blend films, we
analyzed the transient dynamics of RR-P3HT/PCBM blend films
with different PCBM concentrations in the same way. As shown
in Figure 6a, the rise and decay constants for polarons and
singlet excitons (open circles) decreased from 16 to 6 ps with
increasing PCBM concentration from 5 to 50 wt %, and slightly
increased to 8 ps (closed circles) after thermal annealing at a
PCBM concentration of 50 wt %. Figure 6b shows the formation
yields of polaronsin RR-P3HT/PCBM blend films. The triangles
are the saturated AOD in the formation dynamics of polarons



Charge Generation and Recombination in P3HT/PCBM

ARTICLES

S T CWTIE
b) after annealing

| Mo psr A iy 1

5 a) before annealing

0.5
1000 nng 1000 nm
0 0 }
1 1
g g
NO05 N 0.5
< >rd
5 o s o
% 480 nm Z 480 nm
a-0.5 2-0.5 1
S i S AN
-1 -1 ]
0 t
610 nm 610 nm
0 -0.5 ]
1 : Rk s, c. e &
0 1000 2000 0 1000 2000
Time / ps Time / ps

Figure 7. Normalized femtosecond transient absorption signals of RR-
P3HT/PCBM (50 wt %) blend films (a) before and (b) after thermal annealing
excited at 400 nm (~12 uJ cm~?), measured at 850, 1000, 480, and 610
nm. The transient absorption decays at 850 and 480 nm were fitted with an
exponential function and a constant: AOD(t) = Ap exp(— t/tp) + B. The
transient absorption rises at 610 nm were fitted with an exponential function
and a constant: AOD(t) = Ag[1 — exp(—t/zr)] + B. The transient absorption
signals at 1000 nm were fitted with a constant: AOD(t) = constant. The
broken lines represent the best-fitting curves.

as shown in Figure 5, which represent the total formation yield
of polarons. The sguares are the initial AOD at 0 ps, which
represent the prompt formation of polarons on a time scale of
<100 fs. Thus, the difference between them represents the
delayed formation of polarons on a time scale of 6—16 ps. As
shown in Figure 6b, the prompt formation of polarons is
negligible at PCBM concentrations lower than 1 wt % but
increases with increasing PCBM concentration and consequently
accounts for ~57% of the polaron formation at a PCBM
concentration of 50 wt %. After thermal annealing, the prompt
formation dlightly decreased to ~53%. The dependence of
polaron yields on the PCBM concentration is qualitatively
consistent with the PL quenching measurement: @, increased
from ~78 to ~95% with increasing PCBM concentration from
5 to 50 wt % and dlightly decreased to ~91% after thermal
annealing (see the Supporting Information). These findings
suggest that the polaron yield in RR-P3HT/PCBM s strongly
dependent on the blend morphology, as discussed later.

2.2.3. Charge Recombination and Dissociation. \We now turn
to analyze the charge recombination dynamics in RR-P3HT/
PCBM (50 wt %) blend films before and after thermal annealing.
Figure 7 shows the time evolution of the polaron bands at 850
and 1000 nm and the photobleaching signals at 480 and 610
nm under a low excitation intensity of 12 ©J cm~2, where the
bimolecular recombination is negligible (see the Supporting
Information). As shown in Figure 7a, the polaron band at 1000
nm kept constant in the nanosecond time domain. Note that the
decay dynamics of the 700 nm band is the same as that of the
1000 nm band (see the Supporting Information). In contrast,
the polaron band at 850 nm decayed monoexponentially with a
lifetime of ~500 ps (33%) and a constant fraction (67%). The
photobleaching signals at 480 and 610 nm were also fitted with
an exponential decay or rise fraction with a time constant of
~B500 ps and a constant fraction. As mentioned above, the
polaron band at 850 nm is similar to the polaron band observed
for amorphous blend films of RRa-P3HT/PCBM. The photo-
bleaching signal at 480 nm is also mainly attributed to the
absorption of amorphous P3HT, because RRa-P3HT pristine

films exhibit an absorption band around 435 nm. On the other
hand, the photobleaching signal at 610 nm is only attributed to
the absorption of crystalline P3HT, which is characteristic of
71— stacking of RR-P3HT (see the Supporting Information).***°
Therefore, these findings suggest that polymer polarons migrate
from amorphous domains to crystalline domains in RR-P3HT/
PCBM blend films, as discussed later. After thermal annealing,
as shown in Figure 7b, RR-P3HT/PCBM blend films exhibited
faster decay or rise dynamics compared to that before thermal
annealing. The transient absorption decay at 850 nm was fitted
with an exponential fraction with alifetime of ~250 ps (24%)
and a constant fraction (76%). The photobleaching signals at
480 and 610 nm were also fitted with an exponential decay or
rise fraction with a time constant of ~250 ps and a constant
fraction. These results suggest that the hole migration is
enhanced by thermal annealing.

3. Discussion

3.1. Assignments of Polarons. We first summarize various
P3HT polarons generated in P3HT/PCBM blend films before
discussing the photophysics in these films in detail. For RRa-
P3HT/PCBM blend films, as shown in Figure 1, two absorption
bands at ~800 and 1600 nm are mainly assigned to relatively
localized polarons bound to PCBM anions in RRaP3HT
amorphous domains®*®*” because their monomolecular decay is
indicative of geminate recombination. The 800- and 1600-nm
bands can be attributed to a transition from the SOMO to the
LUMO (P; transition) and a transition from the HOMO to the
SOMO (P, transition), respectively, consistent with previous
reports on polythiophenes, 3394849 As mentioned above, the
850-nm band is red-shifted to 900 nm on a time scale of
microseconds. This red-shift is probably due to the stabilization
of polarons by hole migration or structural relaxation of
polarons. For RR-P3HT/PCBM blend films with lower PCBM
concentrations (<20 wt %), as shown in Figure 4, two absorption
bands around 700 and 1000 nm are observed. Previously, we
reported that RR-P3HT pristine films have an absorption band
at 650 nm with alifetime of afew picoseconds, and we assigned
it to polaron pairs of polymer cation and anion.*® In RR-P3HT/
PCBM blend films, as shown in Figure 4, the same absorption
band is observed at an earlier time stage but rapidly decaysin
afew picoseconds. On the other hand, we recently reported that
RR-P3HT/PCBM blend films have two absorption bands at 700
and 1000 nm on atime scale of microseconds, and we assigned
the 700-nm band to delocalized polaronsin crystalline domains
and the 1000-nm band to localized polarons in disordered
domains.*® We therefore assign the 700- and 1000-nm bands
observed on atime scale from tens of picoseconds to nanosec-
onds to delocalized polarons and localized polarons, respec-
tively. These assignments are also consistent with previous

(44) Brown, P. J;; Thomas, D. S.; Kohler, A.; Wilson, J. S;; Kim, J.-S,;
Ramsdale, C. M.; Sirringhaus, H.; Friend, R. H. Phys. Rev. B 2003,
67, 064203.

(45) Zhokhavets, U.; Erb, T.; Gobsch, G.; Al-lbrahim, M.; Ambacher, O.
Chem. Phys. Lett. 2006, 418, 347-350.

(46) Chen, T.-A.; Wu, X.; Rieke, R. D. J. Am. Chem. Soc. 1995, 117, 233—
244,

(47) Hugger, S.; Thomann, R.; Heinzel, T.; Thurn-Albrecht, T. Colloid
Polym. Sci. 2004, 282, 932-938.

(48) Beljonne, D.; Cornil, J.; Sirringhaus, H.; Brown, P. J.; Shkunov, M ;
Friend, R. H.; Brédas, J-L. Adv. Funct. Mater. 2001, 11, 229-234.

(49) Sirringhaus, H.; Brown, P. J; Friend, R. H.; Nielsen, M. M
Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen,
R. A. J; Meijer, E. W.; Herwig, P.; de Leeuw, D. M. Nature 1999,
401, 685-688.
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Figure 8. Normalized relative polaron densities (n) of delocalized polarons
a 700 nm (n70nm), localized polarons at 1000 nm (Nyo00nm), localized
polarons bound to PCBM anions at 850 nm (Ngspnm), and total polarons
formed in RR-P3HT/PCBM (5—50 wt %) blend films plotted against the
PCBM concentration before and after therma annealing. The polaron
densities are normalized at the total polaron density of RR-P3HT/PCBM (50
wt %) blend films before thermal annealing.

reports on polythiophenes 38394849 |nterestingly, RR-P3HT/
PCBM (50 wt %) blend films exhibit a new absorption around
800 nm besides the 700- and 1000-nm bands on the sub-
nanosecond time scal e upon excitation at 400 nm. As mentioned
above, this band at 800 nm is rather similar to the polaron band
of RRa-P3HT/PCBM blend films, suggesting that thisis due to
localized polarons bound to PCBM anions in disordered
amorphous domains. We therefore conclude that the 800-nm
absorption is ascribed to the P, transition of localized polarons
bound to PCBM anionsin disordered amorphous P3HT domains
in RR-P3HT/PCBM(50 wt %) blend films because of high
PCBM concentrations. The relative energy levels for polarons
generated in P3HT/PCBM blend films and their transition
energies are summarized in the Supporting Information. For the
quantitative discussion, we andlyze the polaron density on the basis
of the molar absorption coefficient of each polaron. The molar
absorption coefficient of RRaP3HT polarons bound to PCBM
anions was evaluated to be 2.0 x 10* M~* cm™* at 850 nm
from comparison with that of PCBM anions (6 x 10 M~*cm™
at 1020 nm).>” We assume that the 800-nm band observed for
RR-P3HT/PCBM(50 wt %) blend films has the same molar
absorption coefficient as the RRa-P3HT bound polaron band.
Recently we evaluated the molar absorption coefficients of the
other polarons to be 3.5 x 10* M~ cm™ for delocalized
polarons a 700 nm and 3.0 x 10* M~* cm™ for localized
polarons at 1000 nm.*® From the spectral simulation to Figure
4 based on these absorption spectra and molar absorption
coefficients, we evaluate the relative polaron densities at 100
ps when all the polarons are generated and their decay is
negligible or limited. Details are given in the Supporting
Information. As shown in Figure 8, the total polaron density
increases with increasing PCBM concentration. After thermal
annealing of the RR-P3HT/PCBM (50 wt %) blend film, the total
density slightly decreases. Thisis due to the formation of larger
phase-separated polymer domains by thermal annealing. Inter-
estingly, localized bound polarons at 850 nm in disordered
amorphous domains are negligible in RR-P3HT/PCBM blend
films with lower concentrations of PCBM (<20 wt %) but
increase to 33% in RR-P3HT/PCBM(50 wt %) blend films
before thermal annealing and dlightly decrease to 24% after
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Scheme 1. Schematic lllustration of Charge Generation
Mechanisms in Phase-Separated Structures of RR-P3HT/
PCBM(50 wt %) Blend Films®

¢ b) a) b) o)

@ The upper figure shows phase-separated structures of RR-P3HT and
PCBM blend films taken from ref 23: the widths of RR-P3HT and PCBM
domains and ~13 and ~11 nm, respectively. The lower figure shows an
enlarged local area of the top figure based on our transient study: (a) the
core P3HT crystals, (b) the disordered P3HT and PCBM, and (c) the PCBM
crystals. The broken lines indicate the center of the RR-P3HT/PCBM
interface. The charge transfer (kcr) is on a time scale of <100 fs at the
interface with awidth of ~4 nm, corresponding to the delocalization radius
of singlet excitons excited at 400 nm. The singlet excitons generated at the
core P3HT crystals result in polaron formation after exciton migration (kep)
to the interface.

thermal annesling. Thisfinding demonstrates that P3HT polarons
generated in RR-P3HT/PCBM blend films are closely related
to the film morphology. Recent studies have shown that there
are three phases in RR-P3HT/PCBM blend films: fibrillar
network of P3HT crystals, aggregates of PCBM nanocrystals,
and relatively disordered P3HT matrices with PCBM nano-
crystals.?*~2* We therefore speculate, as illustrated in Scheme
1, that delocalized polarons at 700 nm are located in fibrillar
networks of P3HT crystals, localized polarons at 1000 nm are
located in disordered P3HT matrices, and localized polarons at
850 nm are loosely bound to PCBM at the interface in
disordered amorphous P3HT matrices.

3.2. Exciton Diffusion and Charge Generation. In RRa-
P3HT/PCBM(50 wt %) blend films, as shown in Figure 2,
~65% of polarons are generated promptly on a time scale of
<100 fs, and ~35% of polarons are generated with a time
constant of ~0.2 ps. Such rapid formation of polaronsis ascribed
to the charge generation at the interface of RRa-P3HT and
PCBM, because the exciton migration is negligible on such a
short time scale, <0.2 ps. This is probably because most of the
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Scheme 2. Energy Diagrams of Fundamental Photovoltaic
Conversion Processes in P3HT/PCBM Solar Cells®
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@ The energy levels involved in photovoltaic conversion are as follows:
P*, singlet exciton (a, P3HT crystalline domain; b, PBHT/PCBM interface);
[P*/Csq], encounter pair; BRP*, nonrelaxed bound radical pair; BRP, relaxed
bound radical pair; CS;, free carrier. The fundamental processes for
photovoltaic conversion are as follows: hy, light absorption; kg, total
monomolecular deactivations of singlet excitons in P3HT pristine films;
kep, singlet exciton diffusion to the P3HT/PCBM interface and formation
of encounter pair; ker, charge transfer from P3HT to PCBM; kgcr, geminate
recombination of bound radical pair; kep, charge dissociation from bound
radical pair; kec, charge collection of free carriers. Note that in the RRa-
P3HT/PCBM(50 wt %) blend films, the exciton diffusion is negligible
because of the homogeneously mixed structures.

PCBM molecules are homogeneoudly dispersed in the RRa-
P3HT amorphous matrix, which would result in an intermo-
lecular distance less than 1 nm. Previously we estimated the
delocalization radius of singlet excitons (3.2 nm) in the RRa-
P3HT film.®® This is longer than the estimated intermolecular
distance, suggesting that singlet excitons can encounter a PCBM
molecule without exciton migration, as shown in Scheme 2b.
Furthermore, as shown in Figure 2b, no singlet excitons return
to the ground state during the time scale of the charge separation.
We therefore conclude that both the exciton diffusion efficiency
(nep) and the charge-transfer efficiency (1cr) are as high as
100% in RRa-P3HT/PCBM (50 wt %) blend films.

In RR-P3HT/PCBM blend films, as mentioned above, there
are two pathways for the polaron generation upon excitation at
400 nm: the prompt formation of polarons on a time scale of
<100 fs and the delayed formation of polarons on atime scae
of 6—16 ps. The prompt formation of polaronsis as fast as the
vibrational relaxation. In the RR-P3HT bulk, hot-exciton
dissociation would be involved. Previous studies have shown
that the dissociation of hot excitons can generate polarons in
the RR-P3HT bulk.2%3350-52 | this mechanism were dominant,
the yield of the prompt formation should decrease with
increasing PCBM concentration because of the decrease in the
P3HT bulk domains. As shown in Figure 6, thisis not the case.
The increase in the prompt polaron formation is rather ascribed
to alarger interface areain RR-P3HT/PCBM blend films with
increasing PCBM concentration. Theyield of the prompt polaron
formation slightly decreases after therma annealing of RR-
P3HT/PCBM (50 wt %) blend films. This result aso indicates
that the prompt formation is closely related to the interface area.
We therefore assign the prompt formation to the polaron
generation from hot excitons generated near the interface of RR-
P3HT/PCBM. Therate constant of the prompt polaron formation
(>10" s7%) is 10* times larger than the deactivation rate constant

(50) Cook, S.; Furube, A.; Katoh, R. Energy Environ. Sci. 2008, 1, 294—
299.

(51) Sheng, C.-X.; Tong, M.; Singh, S.; Vardeny, Z. V. Phys. Rev. B 2007,
75, 085206.

(52) Piris, J.; Kopidakis, N.; Olson, D. C.; Shaheen, S. E.; Ginley, D. S,;
Rumbles, G. Adv. Funct. Mater. 2007, 17, 3849-3857.

(3.0 x 10° s7Y) of singlet excitons in RR-P3HT pristine films.
Thus, the charge-transfer efficiency (1cr) is estimated to be
~100% at the P3HT/PCBM interface. On the other hand, as
shown in Figure 7, the time constant of the delayed formation
of polarons decreases with increasing PCBM concentration and
slightly increases after thermal annealing of RR-P3HT/
PCBM (50 wt %) blend films. We therefore assign the delayed
formation to the polaron generation via exciton migration to
the interface of RR-P3HT/PCBM. In other words, the time
constant of the delayed formation of polarons is limited by
exciton migration in RR-P3HT domains. Therefore, the exciton
diffusion efficiency can be calculated by 1ep = Kof/(ke + Kg). In
this equation, the quenching rate is calculated by ky = 741 —
ke, Where 7, isthe averaged lifetime of singlet excitonsin blend
films and ke is the deactivation rate (3.0 x 10° s72) of singlet
excitons in RR-P3HT pristine films. For RR-P3HT/PCBM (50
wt %) blend films, 7gp is estimated to be 93% before thermal
annealing and 89% after thermal annealing. In either case, #ep
is still high enough to collect singlet excitons into the interface
of RR-P3HT/PCBM.

We now focus our attention to the charge generation in RR-
P3HT/PCBM (50 wt %) blend films after thermal annealing. As
shown in Figure 5, half of the polarons are promptly generated
on atime scale of <100 fs, and the other half are generated on
atime scale of tens of picoseconds upon excitation at 400 nm,
which can excite both amorphous and crystalline domains. On
the other hand, thereis only one pathway for polaron generation
upon excitation at 600 nm, which can selectively excite
crystalline domains. The typical widths of RR-P3HT domains
have been reported to be 13—15 nm.?*~2% Therefore, as shown
in Scheme 1, we speculate that the 400-nm excitation can
generate singlet excitons both at the relatively disordered
interface and at the core crystalline region, while the 600-nm
excitation can generate singlet excitons only at the core
crystalline region. We have previously reported that the delo-
calization radius of singlet excitons is 4.3 nm*® in RR-P3HT
pristine films upon excitation at 400 nm. Considering the
delocalization radius of singlet excitons and typical widths of
RR-P3HT domains, it is reasonable that half of the singlet
excitons promptly convert to polarons immediately after 400-
nm excitation. On the other hand, the delayed polaron formation
has arise constant of 8 ps. The diffusion constant (D) of singlet
excitons has been reported to be 1.8 x 103 cm? s* for RR-
P3HT pristine films.>® Therefore, the diffusion length (Lp) of
singlet excitons at 8 ps is estimated to be as short as ~2 nm,>*
comparable to the remaining radius of the core crystalline region
of ~2—3 nm. Note that the delocalization radius of singlet
excitonsis 6.7 nm*3 in the core RR-P3HT crystals. The charge
generation mechanism is summarized in Scheme 2.

3.3. Charge Recombination and Dissociation. In RRa-P3HT/
PCBM(50 wt %) blend films, as shown in the Supporting
Information (Figure S3), the decay dynamics of transient species
(PCBM anion, RRa-P3HT polarons, and RRa-P3HT photo-
bleaching) can be fitted with a sum of an exponential function
and a constant fraction and is independent of the excitation
intensities ranging from 6 to 120 xJ cm ™2, suggesting that the
dominant decay mechanism is the geminate recombination of
bound radical pairs formed at the interface of RRa-P3HT and
PCBM. As shown in Figure 3, ~70% of the polarons geminately

(53) Shaw, P. E.; Ruseckas, A.; Samuel, |. D. W. Adv. Mater. 2008, 20,
3516-3520.

(54) The excitons diffusion length (Lp) of singlet excitons at 8 ps (t) is
calculated by Lp = (2Dt)%°.
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recombine to the ground state with a time constant of ~800 ps,
consistent with a literature value of 800 ps for a P3HT/PCBM
blend film with alow regioregularity.?® On the other hand, the
remaining ~30% of the polarons exhibit no decay on a time
scale of nanoseconds. We therefore ascribed the constant fraction
to dissociated polarons in RRa-P3HT/PCBM blend films. In
other words, the charge dissociation efficiency (1cp) is estimated
to be 31%.

In RR-P3HT/PCBM (50 wt %) blend films, as shown in the
Supporting Information (Figure $4), the transient signals of
P3HT polarons decay faster with increasing excitation intensity
at higher excitation intensities (>12 uJ cm™2), indicating the
bimolecular recombination of free polarons. Remarkably, no
decay is observed for polaron bands at 700 and 1000 nm at
lower excitation intensities (<12 uJ cm™?). We therefore
conclude that all of the polarons at 700 and 1000 nm are ascribed
to dissociated free polarons on atime scale of nanoseconds. In
other words, the direct charge dissociation efficiency (7cpP) is
estimated to be as high as ~100% for these two polarons. Such
ahigh dissociation efficiency isin contrast to that of RRa-P3HT/
PCBM blend films. Most recently, Durrant has theoretically
estimated the effective Coulomb capture radius to be ~4 nm at
a typical donor/acceptor heterojunction by considering the
change in entropy associated with changing from a single
exciton to two separated charges.® Interestingly, this effective
Coulomb capture radius is consistent with our estimations of
the delocalization radius of singlet excitons: singlet excitons
with aradius of ~4.3—6.7 nm*3in RR-P3HT pristine films can
be effectively dissociated into free polarons, while singlet
excitonswith aradius of ~3.2 nm® in RRa-P3HT pristine films
form bound radical pairs. We therefore conclude that the longer
separation distance of bound radical pairs >4 nm and desirable
phase-separated structures in RR-PSHT/PCBM (50 wt %) blend
films can promote the dissociation of bound radical pairs and
the formation of free polarons effectively, whereas the shorter
separation distance of bound radical pairs <4 nm and homoge-
neously mixed blend structures in RRa-P3HT/PCBM (50 wt %)
blend films result in a significant loss due to the geminate
recombination of bound radical pairs at the interface. Further-
more, the high charge mobility in RR-P3HT/PCBM (50 wt %)
blend films can also lead to the dissociation of bound radical
pairs effectively.®>”

We further focus on the deactivation of localized polarons bound
to PCBM anions a 850 nm in amorphous domains of RR-P3HT.
As shown in Figure 7, the localized polaron band at 850 nm,
the photobleaching band of amorphous P3HT at 480 nm, and the
photobleaching band of crystalline P3HT at 610 nm al have the
same decay or rise constant: 500 ps before thermal annealing, 250
ps after thermal annealing. This time constant is ascribed to the
hole transfer from amorphous to crystaline domains. Thus the
increase in the hole-transfer rate is likely to be due to a higher
hole mohility after thermal annealing.®®~%° We therefore conclude
that some of localized bound radica pairs in amorphous domains
can be dissociated into crystalline domains in RR-P3HT by hole

(55) Clarke, T. M.; Durrant, J. R. Chem. Rev. 2010, DOI: 10.1021/
cro00271s.

(56) Wojcik, M.; Tachiya, M. J. Chem. Phys. 2009, 130, 14107.

(57) Braun, C. L. J. Chem. Phys. 1984, 80, 4157-4161.

(58) Savenije, T. J.; Kroeze, J. E.; Yang, X.; Loos, J. Adv. Funct. Mater.
2005, 15, 1260-1266.

(59) Mihailetchi, V. D.; Xie, H.; de Boer, B.; Koster, L. J. A.; Blom,
P. W. M. Adv. Funct. Mater. 2006, 16, 699-708.

(60) von Hauffa, E.; Parisi, J.; Dyakonov, V. J. Appl. Phys. 2006, 100,
043702.
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Table 1. Efficiencies of Fundamental Photovoltaic Conversion
Processes in P3HT/PCBM(50 wt %) Solar Cells®

blend films Neo Mot Mgy 7co” 7cc IQE®
RRa-P3HT/PCBM 1 1 0.31 0.15 5051
RR-P3HT/PCBM 093 1 0.38 0.80 0.57-0.74 42—55%%%
before annealing
RR-P3HT/PCBM 089 1 069 093 091-1 75—839,18:30.62
after annealing

®nep, efficiency for singlet exciton diffusion to the P3HT/PCBM
interface; ncr, charge-transfer efficiency at the PSBHT/PCBM interface;
nay, hole-transfer efficiency; 7cp, charge dissociation efficiency (the
efficiency for free carrier formation); #cc, charge collection efficiency;
IQE, internal quantum efficiency for photovoltaic conversion. For
photovoltaic conversion in polymer solar cells, the IQE can be
represented by eq 3. ® The charge dissociation efficiency is evaluated by
eq 2. °The IQE at 400 nm is directly taken from ref 62 or evaluated by
IQE = EQE/na, where EQE is the external quantum efficiency at 400
nm and 7, is estimated from twice the absorption at 400 nm under the
following assumptions.® (a) 4% incident light loss at the air/glass
interface and (b) 100% reflection of the Al electrode.

transfer in competition with the geminate charge recombination
(see the Supporting Information). The charge dissociation efficiency
(D) of the hole transfer from amorphous to crystalline domains
is roughly estimated by

e = (Kt — Kocr) Kur @)

where kyr is the hole-transfer rate (before thermal annealing 2 x
10° s%, after therma anneding 4 x 10° s71) and kgcg is the
geminate recombination rate (1.25 x 10° s ). Thus, the charge
dissociation efficiency for dl the polarons is given by

D HT D
_ Nezoonmy’co *+ Ngsonmycp T Niaooo nmy’7co

@

UJeh)
Nizoonm) T Ngsonm) T Nia000 nm)

where n is the relative density of each polaron, as shown in
Figure 8.

As summarized in Table 1, ncp is estimated to be ~31% for
RRa-P3HT/PCBM (50 wt %) blend films, which is comparable to
the charge dissociation efficiency by the hole-transfer #HL = 38%
for RR-P3HT/PCBM(50 wt %) blend films before therma an-
nealing. This agreement is consistent with our assgnment of
localized bound radical pairsin amorphous domainsin RR-P3HT.
Interestingly, this efficiency increases from 38 to 69% after thermal
annealing, suggesting that localized bound radical pairs are more
efficiently dissociated into free polarons. Thisfinding indicates that
the charge dissociation of bound radica pairsis strongly dependent
on the crystallinity of PSHT. These findings are consistent with a
recent study that the radiative geminate recombination of bound
radical pairs is more efficient for RRa-P3HT/PCBM blend films:.
RR-P3HT/PCBM blend films exhibit very weak charge-transfer
emission, while RRa-P3HT/PCBM blend films exhibit relatively
strong charge-transfer emission.® Furthermore, 5¢p for RR-P3HT/
PCBM(50 wt %) blend films is as high as 80% before thermal
annealing and increases to 93% &fter thermal annealing, which is
3 times larger than that for RRa-P3HT/PCBM(50 wt %) blend
films. As mentioned above, the high dissociation efficiency is
mainly ascribed to large separation of bound radicd pairs, desirable
phase-separated networks, and high charge mobility in RR-P3HT/
PCBM(50 wt %) blend films. All these conditions would assist
bound radica pairs to escape from the Coulomb potential.

(61) Campoy-Quiles, M.; Kanai, Y.; El-Basaty, A.; Sakai, H.; Murata, H.
Org. Electron. 2009, 10, 1120-1132.
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3.4. Charge Collection. For photovoltaic conversion in poly-
mer solar cells, the internal quantum efficiency (IQE) can be
represented by the product of each efficiency in the following
fundamental processes. exciton diffusion to the donor/acceptor
interface (yep), charge transfer at the interface (ncr), charge
dissociation into free carriers (1cp), and charge collection to
the electrodes (17cc)-

IQE = %gp Mer Mep Mec ©)

As described above, we evaluate #gp, 7cr, and ncp from the
transient study. The IQE values are obtained from previous
studies'™®®162 as listed in Table 1. Thus, the charge collection
efficiency #cc can be estimated to be 15% for RRa-P3HT/PCBM
solar cells, 57—74% for RR-P3HT/PCBM solar cells before
thermal annealing, and nearly 100% for RR-P3HT/PCBM solar
cells after thermal annealing. Note that these efficiencies are
not absolute but should depend on the film morphology. Indeed,
the difference in the IQE is probably due to the different film
morphology. Nonetheless, the efficiencies listed in the table
demonstrate which process is dominant to the device perfor-
mance qualitatively. As shown in the inset of Figure 1b, the
exponent of the power-law decay is 0.35 for RRa-P3HT/PCBM
blend films, whileit is 0.40 and 0.49 for RR-P3HT/PCBM blend
films before and after thermal annealing, respectively (see the
Supporting Information). Previously, the exponent has been
reported to be around 0.3—0.7 for other PBHT/PCBM blends
with different PCBM fractions or under different annealing
conditions. 4364 The |arger exponent isindicative of a higher
carrier mobility for the blend film.3*3® Indeed, the hole mobility
is expected to be <10 cm? V™! s7! for RRa-P3HT/PCBM
blend films, because it has been reported to be ~1075 cm? V1
s~!for RRa-P3HT pristine films.*® On the other hand, the hole
mobility has been reported to be ~10~* cn? V! s for RR-
P3HT/PCBM blend films before thermal annealing and 3 x 102
cm? V™1 s71 for RR-P3HT/PCBM blend films after thermal
annealing.>® We therefore conclude that the remarkable differ-
ence in the charge collection efficiency is closely related to the
carrier mobility of blend films.

3.5. Relevance to Device Performance of Polymer Solar
Cells. Finaly, we summarize the fundamental processes for
RRaP3HT/PCBM and RR-P3HT/PCBM blend films and dis-
cuss the relevance of these fundamental processes to the device
performance of polymer solar cells, asillustrated in Scheme 2.
First, we note that the exciton diffusion efficiency »gp is as
high as ~100% for RRa-P3HT/PCBM (50 wt %) blend films
and 93% for RR-P3HT/PCBM (50 wt %) blend films before
thermal annealing, which dlightly decreases to 89% after thermal
annealing. In other words, homogeneously mixed blend struc-
tures of RRa-P3HT/PCBM (50 wt %) films are preferable to
phase-separated blend structures of RR-P3HT/PCBM (50 wt %)
films in terms of the exciton collection to the interface. Thisis
consistent with the PL quenching experiments, indicating that
thereisroom to further improve the exciton diffusion efficiency
in RR-P3HT/PCBM, as reported by Schwartz.®®> We note that
the difference is not so large. Second, the charge-transfer

(62) Takanezawa, K.; Tajima, K.; Hashimoto, K. Appl. Phys. Lett. 2008,
93, 063308.

(63) Clarke, T. M.; Jamieson, F. C.; Durrant, J. R. J. Phys. Chem. C 2009,
113, 20934-20941.

(64) Shuttle, C. G.; O'Regan, B.; Balantyne, A. M.; Nelson, J.; Bradley,
D. D. C,; Durrant, J. R. Phys. Rev. B 2008, 78, 113201.

(65) Ayzner, A.L.; Wanger, D. D.; Tassone, C. J; Tolbert, S. H.; Schwartz,
B. J. J. Phys. Chem. C 2008, 112, 18711-18716.

efficiency ncr is as high as ~100% for both RRa-P3HT/
PCBM (50 wt %) and RR-P3HT/PCBM (50 wt %) blend films,
suggesting that it is dependent on the combination of donor and
acceptor materials rather than blend structures. Third, the charge
dissociation efficiency 5cp is as low as ~30% for RRa-P3HT/
PCBM(50 wt %) blend films, while it is as high as 80% for
RR-P3HT/PCBM (50 wt %) blend films before thermal annealing
and 93% for RR-P3HT/PCBM(50 wt %) blend films after
thermal annealing. Fourth, furthermore, the charge collection
efficiency ncc is only 15% for RRa-P3HT/PCBM (50 wt %)
blend films, while it is 57—74% for RR-P3HT/PCBM (50 wt
%) blend films before thermal annealing and as high as
91-100% for RR-P3HT/PCBM(50 wt %) blend films after
thermal annealing. The significant differences in 5cp and 7cc
are mainly ascribed to the phase-separated networks and the
crystalization of RR-P3HT, resulting in improved carrier
mobility and large separation of bound radical pairs. The high
charge collection efficiency is consistent with previous reports
that the short-circuit current density (Jsc) in RR-P3HT/PCBM
solar cellsincreases linearly with increasing irradiation intensity
up to 1 sun, suggesting that the bimolecular recombination loss
is negligible.®® Recent studies also have shown that the
bimolecular recombination rate in RR-P3HT/PCBM blend films
is 2 orders of magnitude lower than the Langevin recombination
rate in homogeneous structures.****87 On the basis of these
analyses, we emphasize that there is not much difference in the
charge generation yield between RRa-P3HT/PCBM (50 wt %)
and RR-P3HT/PCBM (50 wt %) blend films. Rather, the charge
dissociation and collection have a critical impact on the device
performance of P3BHT/PCBM solar cells. The desirable phase-
separated network structures,?* 2% which have been recently
revealed by 3D TEM tomography, play a crucia role in the
high efficiency of the charge dissociation and collection.

4. Conclusions

We have comprehensively studied fundamental photovoltaic
conversion processes in RRaP3HT/PCBM and RR-P3HT/
PCBM blend films—exciton diffusion to the donor/acceptor
interface, charge transfer at the interface, charge dissociation
into free carriers, and charge collection to the electrode—by
transient absorption spectroscopy in the wavelength region from
450 to 1650 nm under various excitation intensities and different
excitation wavelengths. On the basis of these detailed analyses,
we obtained al of the efficiencies of these fundamental processes
that are related to blend structures of P3HT and PCBM. For
RRa-P3HT/PCBM(50 wt %) blend films, the efficiency was
evaluated to be 100% for exciton diffusion (7ep), 100% for
charge transfer (ycr), 31% for charge dissociation (7cp), and
15% for charge collection (cc). The nep as high as 100% is
attributed to relatively homogeneously mixed blend structures
of RRa-P3HT/PCBM, which would result in an intermolecular
distance of PCBM molecules shorter than the delocalization
radius of singlet excitons (3.2 nm). At the P3HT/PCBM
interface, the charge-transfer efficiency #cr is as high as 100%
with atime constant of <0.2 ps. In other words, all of the singlet
excitons can be converted into bound radical pairs. However,
the charge dissociation efficiency #5cp is as smal as 31% for
this blend film, because most of the bound radical pairs

(66) Schilinsky, P.; Waldauf, C.; Brabec, C. J. Appl. Phys. Lett. 2002, 81,
3885-3887. -

(67) Sliauys, G.; Juska, G.; Arlauskas, K.; Pivrikas, A.; Osterbacka, R.;
Scharber, M.; Mozer, A.; Sariciftci, N. S. Thin Solid Films 2006, 511—
512, 224-227.
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geminately recombine to the ground state. Furthermore, the
charge collection efficiency #cc is only 15%. The low efficien-
cies of ncp and ncc are partly due to homogeneously mixed
blend structures, which are likely to cause the geminate
recombination. In these structures, highly disordered localized
polarons would cause lower carrier mobility, resulting in lower
charge collection efficiency. In other words, homogeneously
mixed blend structures of RRa-P3HT/PCBM are desirable in
1ep but crucialy disadvantageousin #cp and 7cc. For RR-P3HT/
PCBM (50 wt %) blend films, each efficiency was evaluated to
be 93% for 17ep, 100% for cr, 80% for ncp, and 57—74% for
ncc before thermal annealing and 89% for 1gp, 100% for #cr,
93% for ncp, and 91—100% for ncc after thermal annealing.
The time constant of the exciton diffusion is of the order of
tens of picoseconds, which depends on the phase-separated
structuresin the blend films. The charge transfer at the interface
occurs on atime scale of <100 fs with an efficiency as high as
100%. Interestingly, there are two pathways for charge genera-
tion in RR-P3HT/PCBM blend films upon excitation at 400 nm,
which can excite both amorphous and crystalline domains: half
of the polarons are promptly generated on atime scale of <100
fs, and the other half are generated on a time scale of tens of
picoseconds upon excitation at 400 nm. On the other hand, there
is only one pathway for polaron generation upon excitation at
600 nm, which can selectively excite crystalline domains. The
prompt formation is assigned to polaron generation from hot
excitons generated near the interface of RR-P3HT/PCBM. The
delayed formation is assigned to polaron generation via exciton
migration to the interface of RR-P3HT/PCBM. For RR-P3HT/
PCBM (50 wt %) blend films, three polaron bands are observed
at 700, 850, and 1000 nm and assigned to delocalized polarons,
localized bound polarons, and localized polarons, respectively.
We speculate that delocalized polarons at 700 nm are located
infibrillar networks of P3HT crystals, localized polarons at 1000
nm are located in disordered P3HT matrices, and localized
polarons at 850 nm are loosely bound to PCBM at the interface
in disordered amorphous P3HT matrices. Polarons at 700 and
1000 nm are directly dissociated into free carriers with 58 as
high as 100%. On the other hand, loosely bound radical pairs
at 850 nm are partly dissociated into free carriers by the hole
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transfer from amorphous to crystalline domains with 75 of 38%
before thermal annealing and #Hl of 69% after thermal
annealing. From these efficiencies and reported |QE va ues, #cc
is estimated to be 57—74% before thermal annealing and nearly
100% after therma annealing. In summary, there is little
difference in the charge generation yield between RRa-P3HT/
PCBM (50 wt %) and RR-P3HT/PCBM (50 wt %) blend films.
Rather, the charge dissociation and collection have a critical
impact on the device performance of P3HT/PCBM solar cells.
The high dissociation efficiency is mainly ascribed to large
separation of bound radical pairs, desirable phase-separated
networks, and high charge mobility in RR-P3HT/PCBM (50 wt
%) blend films. We note that there is still room to further
improve the exciton diffusion efficiency in RR-P3HT/PCBM
solar cells. Our findings provide experimental evidence of
molecular understanding of photovoltaic conversion processes
that is closely related to phase-separated structures in the active
layer.
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