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Transient Absorption Measurements

The femtosecond transient absorption data were collected with a pump and probe transient
absorption spectroscopy system (Ultrafast Systems, Helios). The pump light was second harmonic
pulses (400 nm, fwhm 100 fs, 500 Hz) from a regeneratively amplified Ti-sapphire laser (Spectra-
Physics, Hurricane). The probe beam was detected with a linear CCD array (Ultrafast Systems, SPEC-
VIS) for the visible wavelength range from 400 to 900 nm and with a digital line scan InGaAs camera
(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",

For the microsecond transient absorption measurement, the sample was excited with a light pulse
(500 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). The detected signal was sent to the main amplification system with an
electronic band-pass filter (Costronics Electronics) to improve the noise-to-signal ratio. The amplified
signal was collected with a 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. For the white bias

light source, a 150W-Xe lamp (Kenko Tokina, XEF-152S) was used.
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Device Parameters

Table S1. Photovoltaic parameters of P3HT-PCBM copolymer solar cells.l5!

Jsc / mA cm™ Voc/V  FF  PCE/%

P3HT/PCBM 8.61 0.54 0.66 3.07

P3HT-PCBM 8.14 0.48 0.63 2.46

In this study, we employed the same P3HT-PCBM diblock polymer. The fabrication condition of films

was also the same as that reported previously.'"
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Transient Absorption Spectrum of Singlet Excitons in P3HT

Figure Sla shows the transient absorption spectra of a P3HT neat film measured under an
excitation fluence similar to that in Figure 3. On the basis of the initial spectrum at 0 ps, the ratio of
extinction coefficients of the singlet exciton at 1000 and 1200 nm &;¢p0/€1200 1S estimated to be 0.506. In
the main text, the polaron formation dynamics is extracted assuming that the ratio is independent of time.
As shown in the figure, however, the singlet exciton band is shifted with time. In other words, the ratio
is also dependent on time. More correctly, the polaron formation dynamics should be extracted by using
time-dependent ratio of extinction coefficients. Figure S1b shows the temporal evolution of the ratio of
AOD at 1000 and 1200 nm. Considering the time-dependent ratio, the polaron generation dynamics can
be extracted by the following equation:

AOD potaron(?) = AOD 1900 ~AOD 1290 X AOD1000,ncat(t)/ AOD1200,ncat(?) (S1)

As shown in the Figure S2, the corrected polaron formation dynamics AODjoiaron(?) is identical to
AODyglaron shown in Figure 4. We conclude that the spectral shift has negligible impact on the analysis

of the polaron generation dynamics described in the main text.
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Figure S1. a) Transient absorption spectrum of P3HT neat films 0 (black), 1 (red), 2 (blue), 10 (green),
50 (orange), 100 (gray), and 200 ps (pink) after the excitation and b) the ratio of transient absorption
decay monitored at 1000 and 1200 nm after the later excitation at 400 nm. The broken line shows the
exponential fitting for the data: AOD g0 neat(#)/AOD1200 neat(f) = 0.506 + 0.550 [1 — exp(—#/80)].
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Figure S2. Polaron generation dynamics: The black and red circles shows AOD without correction
plotted in Figure 4 and the blue triangles shows AOD®jomon With correction as described in the

Supporting Information.
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Detailed Kinetic Parameters for Transient Decay Analyses

Table S2. Fitting parameters for the transient absorption decay of singlet exciton signals. (Figure 4)

Al/% T1/pS Az/% Tz/pS A3/%

P3HT/PCBM 62 26 29 2.1 9

P3HT-PCBM 58 32 29 24 13

Table S3. Fitting parameters for the transient absorption decay of polaron signals. (Figure 4)

Bl/% ‘L'3/pS Bz/% ‘L'4/pS B3/%

P3HT/PCBM 54 21 24 1.6 22

P3HT-PCBM 45 26 26 2.0 28

Table S4. Fitting parameters for the time evolution of the bleaching signals (Figure 5) in P3HT/PCBM
blend and P3HT-PCBM copolymer films.

Cl/% Tcry/pS Cz/% Dl/% ‘[al/pS Dz/% ‘[az/pS D3/%

P3HT/PCBM 40 300 60 41 300 0 - 59
P3HT-PCBM 29 310 71 22 300 36 31 42
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Transient Absorption Spectra upon Excitation at 500 nm

Figure S3 shows the transient absorption spectra of P3HT/PCBM blend and P3HT-PCBM
copolymer films excited at 500 nm. Note that the block copolymer for this measurement is slightly
different in the monomer sequence from that employed in the main text but identical to that reported in
Ref S2. As shown in the figure, both the singlet exciton and the photobleaching bands decreased to less
than half of the initial signal, suggesting that the decay is due to singlet—singlet exciton annihilation. In
other words, more than half of singlet excitons just deactivate to the ground state because of the singlet—
singlet exaction annihilation even at the lowest excitation fluence for the clear observation of charge
carriers. This is probably because P3HT fraction is as large as 62.5% in the films. Thus, we focus on
the transient absorption upon the excitation not at 500 nm but at 400 nm to discuss the charge generation
dynamics in details. Interestingly, we note that there is no distinct difference in the P3HT polaron band
at 3 ns between P3HT/PCBM blend and P3HT-PCBM copolymer films. This finding suggests that
there is no additional charge generation loss in P3HT-PCBM copolymer films upon the excitation of
P3HT crystalline domains at 500 nm, which is different from that upon the excitation of P3HT

amorphous domains at 400 nm.
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Figure S3. a) Transient absorption spectra of P3HT-PCBM block copolymer films 0 (black), 1 (red), 2
(orange), 10 (green), and 100 ps (blue) after the later excitation at 500 nm. The fluence was set to 5 pJ
cm 2. The broken lines show the baseline. b) Transient absorption spectra of P3HT/PCBM blend
(black) and P3HT-PCBM copolymer films (red) 3 ns after the excitation at 500 nm. The transient

signals were corrected for variation in the absorption at the excitation wavelength.
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Bimolecular Recombination Dynamics

For the discussion of charge carrier lifetime in relation to the device performance, the charge
carrier lifetime should be evaluated under the same charge carrier density under the device operation
conditions. We therefore evaluate the charge carrier lifetime from the transient absorption decay under
continuous white light bias (100 mW cm 2) in the main text. Under the white light bias at 100 mW
cm_z, the steady-state density of charge carriers mpiss 1S as high as of the order of 10 cm_3,[S3] which is
much larger than the transient density of charge carriers induced by weak laser pulses An(f). Thus, the
decay dynamics of the laser-induced carrier density An(f) is followed by a pseudo-first-order kinetics;

and consequently, the pseudo-first-order lifetime can be considered as the charge carrier lifetime at n ~

10'® ¢m ™ under the device operation condition. We used this lifetime zc in the discussion for the charge
collection in the main text for the sake of simplicity.

For more precise evaluation of the lifetime of total charge carriers, the reaction order or the
recombination reaction should be taken into account: the charge carrier lifetime of total charge carriers
7, 1s given by 7, = (1 + A)rc where 4 is estimated from the inverse of the exponent a of the decay

dynamics without the white light bias.l5¥

In order to estimate the exponent a, we also measured
transient absorption without the white light bias. Figure S4 shows the transient absorption spectra
without continuous white light bias. These bands are safely assigned to P3HT polarons in ordered (700

nm) and disordered (1000 nm) domains as reported previously.®!!

Figure S5 shows the decay
dynamics of these polarons under various excitation intensities. All these decays are well explained by
the empirical power-law function AOD(¢) =AODy(1 + af) “ where AODy is the initial signal amplitude,
and a and « are parameters. From the fitting, the exponent a is obtained as indicated in the figure,

reflecting the difference in the bimolecular recombination dynamics.!

From these parameters, the
lifetime of total charge carriers 7, is estimated to be 7, = 65 us (P3HT-PCBM copolymer film), which is
longer than 7, = 27 pus (P3HT/PCBM blend film). In other words, the discussion in the text remains the

same.
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Figure S4. Transient absorption spectra of a) PSHT/PCBM blend and b) P3HT-PCBM copolymer films
at 0.5 ps after the laser excitation at 500 nm with a fluence of 0.3 pJ cm > without the white light bias.

-3

An/cm

1 5 10 50 1 5 10 50
Time / ps Time / us

Figure S5. Transient absorption decays in P3HT/PCBM blend (a,c) and P3HT-PCBM copolymer (b,d)
films probed at 700 (a,b) and 1000 (c,d) nm after the laser excitation at 500 nm with various fluencies
of 5 (blue), 1 (red) and 0.5 pJ cm 2 (black) without the white light bias. The broken lines show the
power law decay with an exponent of @ shown in the figure.
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