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1. Introduction 

 In recent years, polymer solar cells are attracting increasing interest because of 

their potential advantages: lightweight, flexibility, and high-throughput and large-area 

production based on the printing and coating techniques [1–3].  Although the power 

conversion efficiency (PCE) of polymer solar cells was less than 1% in the 1990s, it has 

steadily increased every year in the past decade owing to extensive research.  In 

particular, regioregular poly(3-hexylthiophene) (RR-P3HT) has been studied thoroughly 

as a donor material in polymer/fullerene solar cells [4–9].  It is noteworthy that this 

polymer has a good balance between solubility and optoelectronic properties [10–13], 

while most conjugate polymers generally have faced a trade-off between them.  

Regioregular P3HT is likely to be crystalline in solid films even with high solubility in 

various organic solvents because each monomer unit attached with a hexyl group is 

regularly bound in a head-to-tail linkage.  Consequently, RR-P3HT:PCBM solar cells 

have been reported to be strongly dependent on the fabrication conditions, particularly 

annealing treatments.  After thermal or solvent annealing, RR-P3HT:PCBM solar cells 

exhibit a reproducible PCE approaching 5% and excellent external quantum efficiency 

(EQE) up to >80% [5–9].  Therefore, this polymer solar cell is still being intensively 

studied as a benchmark.  Thereafter, owing to syntheses of various new materials, 

optimization of blend morphology, and development of new device structures, a 

certified PCE in excess of 8% has been listed in the solar cell efficiency table (version 

37) [14].  In 2011, a PCE of 9.2% has been reported [15].  Now it is just a matter of 

time before PCE of polymer solar cells will exceed 10%.   

 For the improvement of the device efficiency, new materials and device 

structures are developed mainly on the basis of macroscopic properties of J–V 

 3 



characteristics.  However, the J–V characteristics just provide us the final result of a 

series of fundamental photovoltaic conversion events including photon absorption, 

exciton generation, exciton migration, charge separation, charge recombination, charge 

dissociation, charge transport, and charge collection.  In other words, the essential 

problem causing a poor device performance cannot be specified only from the J–V 

characteristics.  Thus, it is of particular importance to elucidate each fundamental 

event to design new materials and develop new device structures rationally.  

Photovoltaic conversion events occur in a range of over nine orders of magnitude on a 

temporal scale from ~10−14 s for ultrafast charge separation to ~10−5 s for charge 

collection to the electrode.  Transient absorption spectroscopy is therefore a powerful 

tool for studying such conversion events in photovoltaic devices directly.  By 

analyzing the transient spectra in detail, we can assign all the transient species such as 

exciton, polaron pair, free polaron, and trapped polaron separately and discuss their 

dynamics quantitatively [16–21].  This chapter describes the assignment of excitons 

and charge species and the photophysics of photovoltaic conversion events in polymer 

solar cells studied by transient absorption spectroscopy. 

 

2. Temporal Scale of Photovoltaic Conversion 

  

-----<<<   Figure 1   >>>----- 

 

 Here we describe the temporal scale of photovoltaic conversion events in 

polymer solar cells.  Figure 1 shows a schematic illustration of the most simple 

polymer solar cells with a bilayered structure of the hole-transporting (donor) and 
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electron-transporting (acceptor) materials, which is similar to silicon-based solar cells 

consisting of p-type and n-type semiconductors.  In polymer solar cells, as shown in 

the figure, the photon absorption first produces singlet excitons that are electron–hole 

pairs tightly bound by the Coulomb attraction.  This exciton generation results from an 

electronic transition from the ground state to an excited state due to the photon 

absorption, which typically occurs on a time scale of femtosecond (~10−15 s).  In 

contrast, the photon absorption in silicon-based solar cells produces not excitons but 

freely mobile charge carriers directly at room temperature.  This is the most critical 

difference between them, which results from the lower dielectric constant and larger 

effective mass (lower charge carrier mobility) in organic semiconductors than in 

inorganic semiconductors [22].  A critical distance rC at which the thermal energy of a 

charge carrier is equal to the Coulomb attractive potential energy [23] would be as long 

as 14–19 nm in organic materials at room temperature because dielectric constant is 

small (ε = 3−4), while it would be only 5 nm in crystalline silicon with a high dielectric 

constant (ε = 11.9).  Furthermore, excitons are typically localized in organic materials 

as Frenkel excitons or charge transfer (CT) excitons while they are delocalized in 

crystalline silicon as Wannier excitons with a radius much larger than the lattice spacing 

[23].  Consequently, excitons generated in organic materials cannot be dissociated into 

free carriers at room temperature.  Instead, they can migrate randomly in films before 

deactivating to the ground state (exciton diffusion).  As a result, some excitons can 

reach a donor/acceptor interface where they can be dissociated into free carriers.  The 

diffusion time is limited by the lifetime of excitons (typically <1 ns) and is dependent 

on the phase-separated structures in donor/acceptor blend films.  In a finely mixed 

donor/acceptor blend, no exciton diffusion is required to generate free carriers.  In a 
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largely phase-separated blend such as RR-P3HT:PCBM annealed films, the exciton 

diffusion is observed on a time scale of tens picoseconds (~10−11 s) as described in 

section 5.1.  At the donor/acceptor interface, excitons can be separated into the 

electron on the acceptor material (radical anion) and the hole on the donor material 

(radical cation or polaron) if the energy gap at the interface is enough to break the 

Coulomb attraction.  The charge separation is promptly completed in the order of 

~10−14 s [19,24].  The electron and hole pair generated at the interface is often called 

bound radical pairs to be distinguished from tightly bound electron–hole pairs of 

excitons in the bulk.  Some bound radical pairs can be dissociated into free carriers 

(charge dissociation) in competition with the geminate recombination to the ground 

state or triplet state (charge recombination) on a time scale of 10−12 to 10−9 s [19].  The 

dissociated free carriers are transported to each electrode through repetitive charge 

hoppings in an energetically disordered matrix (charge transport).  Some of them 

escaping from the bimolecular recombination are collected to the electrode (charge 

collection).  The charge collection time is dependent on the charge mobility, the 

thickness of the active layer, and the electric field applied to the layer.  Recent studies 

have shown that it takes 10−6 to 10−5 s for charge carriers to be collected to the electrode 

[25].  Finally, the photocurrent is generated as a result of the series of photovoltaic 

conversion events.  In other words, the device performance of J–V characteristics is 

just the final result of the series of photovoltaic conversion events ranging from 10−14 to 

10−5 s (nine orders of magnitude on a temporal scale).  In this chapter, we focus on 

such rapid photovoltaic conversion events studied by transient absorption spectroscopy 

and discuss the findings obtained from the kinetics analysis.   
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3. Transient Absorption Spectroscopy 

 Transient absorption spectroscopy is the most useful method for directly 

observing photovoltaic conversion events ranging from 10−14 to 10−5 s.  However, it is 

difficult to measure the absorption of thin films such as polymer solar cells where the 

active layer is typically as thin as 100 nm (= 10−5 cm).  For example, the absorbance 

would be as small as 10−5 in the case of a molar absorption coefficient of 104 M−1 cm−1, 

which is a typical value for organic dye molecules, a molar concentration of 0.1 mM, 

and an optical path length of 10−5 cm.  To detect an absorbance change of 10−5, it is 

necessary to measure only 1/50000 of the change in the optical probe signal separately 

from various noises.   

 

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

 

 Figure 2 shows a block diagram of the highly sensitive microsecond transient 

absorption spectroscopy system [17].  In this system, a probe light is provided from a 

tungsten lamp with a power source stabilized to reduce fluctuation of the probe intensity.  

To reduce unnecessary scattering light, stray light, and emission from the sample, two 

monochromators and appropriate optical cut-off filters are placed before and after the 

sample.  An excitation light is supplied from a dye laser pumped by a nitrogen laser, 

which can excite the absorption peak of thin-film samples to give a high yield of 

photoexcitations.  The probe light passing through the sample is detected with a PIN 

photodiode such as Si or InGaAs depending on the measuring wavelength.  The signal 

from the photodiode is pre-amplified and sent to the main amplification system with 
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electronic band-pass filters to improve the signal to noise ratio.  The amplified signal is 

collected with a digital oscilloscope, which is synchronized with a trigger signal of the 

laser pulse from a photodiode.  In our system, the detectable absorbance change is as 

small as 10−5 to 10−6 depending on the measuring time domain after appropriate 

accumulation owing to the amplification and noise reduction system. 

 

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

 

 For ultrafast phenomena on a time scale of <1 ns, the pump and probe method 

is widely employed.  In this method, ultrashort laser pulses serve as the pump light for 

the sample excitation and the probe light for the transmittance measurement.  Transient 

absorption can be measured at various delay times by controlling the arrival time of 

each laser pulse at the sample.  The arrival time of each laser pulse can be tuned with 

an optical delay line: the probe light is delayed relative to the pump light because of the 

additional path length in the optical delay line.  For example, when the total optical 

delay length is set at 3 cm the probe light is delayed by 100 ps relative to the pump light, 

and therefore the transmittance at 100 ps after the laser excitation can be measured.  

Figure 3 shows a block diagram of a typical pump and probe spectroscopy system we 

employ [17–21].  This system consists of a transient absorption spectrometer and a 

regenerative amplified Ti:sapphire laser.  The amplified Ti:sapphire laser provided 

800-nm fundamental pulses at a repetition rate of 1 kHz with an energy of 0.8 mJ and a 

pulse width of 100 fs (FWHM), which were split into two optical beams with a beam 

splitter to generate pump and probe pulses.  One fundamental beam was converted into 

pump pulses at 400 nm with a second harmonic generator or pump pulses at other 
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wavelengths with an ultrafast optical parametric amplifier.  The other fundamental 

beam was converted into white light continuum pulses employed as probe pulses over 

the wide wavelength from 400 to 1700 nm.  The pump pulses were modulated 

mechanically with a repetition rate of 100 Hz for visible and 500 Hz for near-IR 

measurements.  The temporal evolution of the probe intensity was recorded with a Si 

CCD-array photodetector for the visible measurement and with an InGaAs digital line 

scan camera for the near-IR measurement.  Transient absorption spectra and decays 

were collected over the time range from −5 ps to 3 ns.  Typically, 200–1000 laser shots 

were averaged on each delay time to obtain a detectable absorbance change as small as 

10−4–10−3 depending on the monitor wavelength.  The polarization direction of the 

linearly polarized probe pulse was set at a magic angle of 54.7 ° with respect to that of 

the pump pulse to cancel out orientation effects on the dynamics.  In order to measure 

further the transient absorption in a longer time range, a longer optical delay line would 

be required.  Alternately, additional laser is employed to provide delayed probe pulses 

with an electric delay generator synchronized with the pump laser pulse [26].  Note 

that it is necessary to correct signal jitters due to the electric circuit. 

 

 

4. Assignment of photoexcitations 

 Let us first describe how to assign transient species such as singlet and triplet 

excitons and polarons generated in polymer solar cells.  Here, we explain the 

assignments on the basis of our recent studies [16–20]. 

 

4.1 Singlet and Triplet Excitons 
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 Singlet and triplet excitons can be often observed for pristine films upon 

photoexcitation.  In particular, singlet excitons can be easily observed as the initial 

product by photon excitation because most conjugated polymers have S0 → Sn 

spin-allowed absorption bands from the singlet ground state.  In contrast, it is difficult 

to detect triplet excitons for highly emissive conjugated polymer films such as 

polyfluorene because the intersystem crossing yield is low due to small spin–orbit 

coupling.  On the other hand, triplet excitons can be observed for conjugated polymer 

films with high intersystem crossing yield such as regiorandom poly(3-hexylthiophene) 

(RRa-P3HT).   

 

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

 

 Figure 4a shows transient absorption spectra of RRa-P3HT pristine films.  

Immediately after the laser excitation, a large absorption band is observed at around 

1000 nm.  This band is ascribable to singlet exciton because the decay constant is 

consistent with the lifetime of fluorescence measured by the time-correlated single 

photon counting (TC-SPC) method.  Note that the averaged decay constant measured 

by transient absorption is typically shorter than the lifetime measured by the TC-SPC 

method because singlet–singlet exciton annihilation is involved in the transient 

absorption measurement with excitation intensity much higher than that in the TC-SPC 

measurement.  Thus, a longer decay fraction independent of the excitation intensity 

should be extracted by changing the excitation intensity.  If it is in agreement with the 

fluorescence lifetime, the initial product can safely be assigned to singlet exciton.   

 As shown in Figure 4a, the singlet exciton band at around 1000 nm disappears 
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at 100 ps after the laser excitation, and instead a small absorption band is observed at 

around 800 nm.  This is indicative of the interconversion from singlet to triplet 

excitons.  Figure 4b shows transient absorption spectra of RRa-P3HT pristine films on 

a time scale of microseconds, which is similar to the long-lived species observed on a 

time scale of nanoseconds mentioned above.  As shown in the inset to the figure, the 

transient signal decays monoexponentially with a lifetime of 7 μs under a nitrogen 

atmosphere while it decays more rapidly under an oxygen atmosphere.  Molecular 

oxygen is a general and efficient quencher of singlet and triplet excitons in organic 

materials [27].  Thus, such a long lifetime is ascribable to triplet excitons because it is 

too long to be assigned to singlet excitons.  Although electron spin resonance (ESR) is 

a useful method for distinguishing between singlet and triplet states as reported in the 

literatures [28–30], the oxygen quenching is most widely employed to assign triplet 

excitons.  Note that not all triplet excitons are quenched by molecular oxygen because 

quenching is a diffusion-limited reaction.  Roughly speaking, triplet excitons with a 

long lifetime (>μs) can be effectively quenched by molecular oxygen even in solid films 

depending on the oxygen permeability of the film. 

 

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

 

 In most cases, as described above, singlet excitons are observed as the initial 

product by photon absorption.  However, this is not true for regioregular P3HT 

(RR-P3HT) pristine films excited by intense laser pulses.  Figure 5 shows the transient 

absorption spectra of RR-P3HT pristine films under different excitation conditions.  At 

an excitation intensity of 15 μJ cm−2, a large absorption band is observed at around 1200 
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nm immediately after the laser excitation.  As the excitation intensity is increased from 

15 to 120 μJ cm−2, this band disappears and instead a new absorption band is observed 

at around 1000 nm.  From the intensity dependence of the initial transient signals, we 

ascribe the 1200-nm band to a singlet exciton and the 1000-nm band to polarons.  At 

higher excitation intensities, polarons are generated even at 0 ps from hot exciton states 

formed by the singlet–singlet exciton annihilation.  Note that no exciton diffusion is 

involved in the singlet–singlet exciton annihilation because the duration is too short.  

The energy of two photons at 400 nm corresponds to 6.2 eV, which is much larger than 

the ionization potential of RR-P3HT films.  Thus, it would be more appropriate to 

assign the polaron formation to two-photon ionization.  This finding suggests that the 

initial product by photon absorption is not always a singlet exciton particularly at a high 

excitation intensity.  In conclusion, for the assignment of singlet excitons, it is essential 

to analyze not only the decay kinetics but also the intensity dependence of the spectrum 

and kinetics. 

 

4.2 Polarons 

 As mentioned above, polarons are efficiently generated from excitons at a 

donor/acceptor interface.  Thus, they can be more clearly observed in 

polymer:fullerene blend films rather than in pristine conjugated polymer films.  Some 

polarons escaping from the geminate recombination at the interface can survive up to a 

time scale of microseconds or more.  On such a longer time scale, therefore, polarons 

can often be observed separately from singlet and triplet excitons.  Figure 6a shows the 

transient absorption spectra of RRa-P3HT:PCBM blend films from 0 to 3 ns after the 

laser excitation.  In this time domain, the absorption spectrum varies with time, 
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suggesting that the transient species changes with time.  As will be described in detail 

later, there are spectral overlaps among P3HT singlet excitons, P3HT polarons, and 

PCBM radical anions at an early time stage.  On the other hand, as shown in Figure 6b, 

no change in transient absorption spectra is observed for RRa-P3HT:PCBM blend films 

on a time scale of microseconds, suggesting that transient species remain the same.  

The large absorption band at 900 nm and the small and sharp absorption band at 1030 

nm are safely ascribed to P3HT hole polaron and to PCBM radical anion, respectively.  

Both bands exhibit power-law decay dynamics with an exponent of 0.35 over a long 

time range up to milliseconds.  The power-law decay is characteristic of the 

bimolecular recombination of long-lived, dissociated charge carriers.  The subunity 

value for the exponent suggests trap-limited bimolecular recombination of polarons in 

an energetically disordered matrix while the exponent is unity for trap-free bimolecular 

recombination [31].   

 

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

 

 Figure 7a shows the transient absorption spectra of RR-P3HT:PCBM blend 

films from 0 to 3 ns after the laser excitation.  In this time domain, as in the case with 

RRa-P3HT:PCBM blend films, the absorption spectrum varies with time.  The large 

absorption band at around 1250 nm is in good agreement with that observed 

immediately after the laser excitation of RR-P3HT pristine films as described above, 

and therefore can be ascribed to P3HT singlet exciton.  As shown in Figure 7b, the 

broad absorption bands at 700 and 1000 nm are still observed on a time scale of 

microseconds.  Interestingly, these two bands exhibit the power-law decay dynamics 
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with different exponents, which remain the same under an oxygen atmosphere.  Thus, 

they can be ascribed to P3HT polarons but must be different polarons as will be 

described in detail in section 6.3.  In other words, this spectral change shows the 

formation of P3HT polaron from P3HT singlet exciton. 

 

-----<<<   Figure 7   >>>----- 

 

 In the two cases described above, polarons are efficiently generated from 

singlet excitons and therefore can be separately observed on a time scale of 

microseconds.  In some cases, however, a triplet exciton band overlaps with a polaron 

band.  Here we show an example of simultaneous observation of triplet excitons and 

polarons.  Figure 8a shows transient absorption spectra of a blend film of 

poly[(4,4'-didecyl[2,2'-bithiophene]-5,5'-diyl)-1,4-phenylene] (PT10PhT10) and PCBM.  

A large absorption band is observed at 700 nm with a shoulder at around 850 nm at 10 

μs after the laser excitation.  The absorption spectrum varies with time, with the 

absorption peak shifting from 700 at 10 μs to ~900 nm for time delays longer than 100 

μs.  This spectral change suggests that there are two different transient species in the 

blend film.  Figure 8b shows transient absorption decays of PT10PhT10:PCBM blend 

films monitored at 700 nm.  This decay dynamics can be fitted with the sum of a single 

exponential function and a power-law equation.  As shown in the figure, the 

exponential decay component is quenched under oxygen atmosphere, and therefore 

ascribed to triplet exciton.  On the other hand, the exponent of the power-law decay 

remains the same even under oxygen atmosphere, and therefore is ascribed to polymer 

polarons.  In conclusion, for the assignment of polarons, it is essential to observe 
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polarons separately from singlet and triplet excitons.  Singlet excitons can be excluded 

by transient absorption measurements on a time scale of microseconds.  In order to 

distinguish between triplet excitons and polarons, it is useful to analyze the decay 

kinetics and the oxygen quenching measurement.  Triplet excitons generally decay 

monoexponentially while polarons typically exhibit the power-law decay dynamics on a 

time scale of microseconds.  In the presence of molecular oxygen, the lifetime of 

triplet excitons is effectively shortened but the decay dynamics of polarons does not 

change.   

 

-----<<<   Figure 8   >>>----- 

 

 

4.3 Other Charge Carriers 

 In order to assign charge carriers of unknown or new materials, it is necessary 

to measure the absorption spectrum and to quantitatively evaluate the molar absorption 

coefficient of each carrier separately using a model system with known donor or 

acceptor materials.  Here we show an example of the assignment of PCBM anion by 

using tetramethyl-p-phenylenediamine (TMPD) as a known electron donor.  Figure 9 

shows transient absorption spectra of a polystyrene film doped with TMPD and PCBM.  

Two absorption bands are observed at 570 and 1020 nm after the laser excitation.  The 

absorption band at 570 nm is in good agreement with that reported for the oxidation 

product of TMPD called Wurster’s Blue [32], and is therefore safely assigned to the 

TMPD radical cation.  As shown in the inset to the figure, both bands exhibit the 

power-law decay dynamics with the same exponent on a longer time scale (>10 ps), 
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indicating the bimolecular recombination without other decay pathways.  In other 

words, no other transient species such as singlet and triplet excitons contribute to the 

transient absorption spectra.  Thus, the absorption band at 1020 nm is assigned to the 

PCBM radical anion, which is consistent with that of radical anions of other fullerene 

derivatives: a C60 radical anion (1080 nm), a methanofullerene radical anion (1040 nm), 

and a fulleropyrrolidine radical anion (1010 nm) [33].  Furthermore, the molar 

absorption coefficient of the PCBM radical anion can be evaluated to be ε = 6000 M−1 

cm−1 at 1020 nm on the basis of that of the TMPD radical cation (ε = 12000 M−1 cm−1) 

[32,34].  In conclusion, it is useful to employ known donor or acceptor materials for 

the assignment of unknown charge carriers.  Note that it important to analyze the 

spectrum and the dynamics carefully to confirm that there is no contribution of other 

species. 

 

-----<<<   Figure 9   >>>----- 

 

 

5. Exciton Dynamics 

 Here, we focus on the dynamics of singlet and triplet excitons mainly in 

pristine polymer films [18] and also describe the energy transfer in a polymer/polymer 

blend [21].   

5.1 Exciton Delocalization 

 As mentioned above, the absorption band of singlet excitons in P3HT films is 

red-shifted with time, suggesting delocalization of singlet excitons.  Figure 10 

summarizes the transient absorption spectra of RRa-P3HT and RR-P3HT pristine films.  
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The singlet exciton band is red-shifted from 900 to 1060 nm for RRa-P3HT and from 

1200 to 1250 nm for RR-P3HT from 0 through 100 ps after the excitation at 400 nm.  

Such a peak shift suggests that singlet excitons efficiently migrate on a time scale of 

picoseconds, resulting in the exciton delocalization into longer conjugated segments and 

the singlet–singlet exciton annihilation under an intense excitation.  The stabilization 

energy corresponds to ∆E = 0.21 eV for RRa-P3HT and ∆E = 0.04 eV for RR-P3HT.  

The large ∆E for RRa-P3HT is probably because RRa-P3HT amorphous films have a 

relatively wide distribution of energetic disorders compared to RR-P3HT crystalline 

films.  Interestingly, as shown in Figure 10c, no peak shift is observed for RR-P3HT 

films excited at 620 nm that is the absorption edge of RR-P3HT.  The absorption band 

is already observed at 1250 nm immediately after the laser excitation and still observed 

at 1250 nm at 100 ps.  This finding shows that delocalized P3HT singlet excitons in 

crystalline domains can be selectively observed by selective excitation at 620 nm.  As 

reported in the literatures [35–37], the exciton diffusion constant can be evaluated by 

analyzing the dynamics of singlet–singlet exciton annihilation under different excitation 

intensities. 

 

-----<<<   Figure 10   >>>----- 

 

 As the excitation intensity increases further, the singlet–singlet exciton 

annihilation is observed even at 0 ps because singlet excitons are likely to be generated 

in proximity to each other at high concentrations without diffusion.  The threshold 

intensity is 7 × 1018 cm−3 for RRa-P3HT films excited at 400 nm, 3 × 1018 cm−3 for 

RR-P3HT films excited at 400 nm, and 8 × 1017 cm−3 for RR-P3HT films excited at 620 
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nm.  Assuming a three-dimensional sphere without taking their anisotropic distribution 

into consideration, an averaged interaction radius of two excitons at 0 ps can be 

estimated to be ~3.2 nm for RRa-P3HT films excited at 400 nm, ~4.3 nm for RR-P3HT 

films excited at 400 nm, and ~6.7 nm for RR-P3HT films excited at 620 nm.  The 

difference in the interaction radius is indicative of the difference in the exciton 

delocalization at 0 ps.  In other words, singlet excitons are more delocalized in 

RR-P3HTcrystalline films than in RRa-P3HT amorphous films and upon the excitation 

close to the bandgap than upon the excitation above the bandgap.  These are consistent 

with the peak wavelengths of the singlet exciton band as discussed above. 

 

5.2 Energy Transfer 

 In some donor/acceptor blends, the efficient energy transfer from 

photogenerated singlet excitons is observed before the charge generation at the interface.  

Here we describe the energy transfer in polymer/polymer blends of RR-P3HT and 

poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT), which have a large spectral 

overlap between the fluorescence of F8BT and the absorption of RR-P3HT.  Figure 

11a shows the transient absorption spectra of RR-P3HT:F8BT blend films excited at 

400 nm where 60% of photons are absorbed by F8BT and the remaining 40% are 

absorbed by RR-P3HT. The transient absorption spectra in a picosecond can be well 

reproduced by the sum of the S–S absorption spectrum observed for each pristine film 

of F8BT and RR-P3HT, suggesting that the major transient species are F8BT and 

RR-P3HT singlet excitons in the time domain of <1 ps.  In other words, the broad 

absorption at around 1000 nm observed at 0 ps is ascribed to F8BT singlet excitons.  

The large absorption at around 1250 nm observed after 1 ps is ascribed to RR-P3HT 
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singlet excitons.  On the basis of the spectral simulation, the decay dynamics of each 

transient species can be obtained as shown in Figure 11b.  The F8BT singlet exciton 

decays monoexponentially with a lifetime of ~0.3 ps.  On the other hand, ~40% of 

RR-P3HT singlet excitons are promptly generated immediately after the laser excitation 

and the other ~60% of RR-P3HT singlet excitons are generated with a rise constant of 

~0.3 ps.  The prompt generation of RR-P3HT singlet excitons is ascribed to the direct 

excitation of RR-P3HT at 400 nm.  The delayed generation of RR-P3HT singlet 

excitons is ascribed to the energy transfer from F8BT singlet excitons because the rise 

time of RR-P3HT singlet excitons is in agreement with the decay constant of F8BT 

singlet excitons.  Such rapid energy transfer within a picosecond suggests that all 

F8BT singlet excitons are efficiently transferred into RR-P3HT domains without 

exciton diffusion in the blend film.  In other words, there are no large pure domains in 

the blend: F8BT is molecularly dispersed in RR-P3HT domains and/or RR-P3HT is 

dispersed in F8BT rich domains.  This is probably because chloroform is so rapidly 

evaporated that largely phase-separated pure domains cannot be formed.  On the basis 

of the Förster theory assuming point dipoles, such rapid energy transfer is possible at a 

separation distance of ~0.9 nm between F8BT and RR-P3HT.  Consequently, at least 

60% of RR-P3HT singlet excitons are located near the interface of RR-P3HT/F8BT 

because of the efficient energy transfer from F8BT singlet excitons.  This would be 

beneficial for the subsequent charge separation but the charge generation efficiency is 

actually not as high as that in RR-P3HT:PCBM blends.  This may be due to the 

difference in the interfacial structures [21]. 

 

-----<<<   Figure 11   >>>----- 
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5.3 Triplet Formation 

 Triplet excitons are generally converted through the intersystem crossing from 

the lowest singlet exciton.  As mentioned in section 4.1 (see Figure 4), triplet excitons 

are generated from singlet excitons in RRa-P3HT films.  Indeed, as shown in Figure 

12, the triplet rise (~4 ps) is in good agreement with the singlet decay (~4 ps), 

suggesting that triplet excitons are rapidly converted from singlet excitons.  The rise 

and decay time is dependent on the excitation intensity, suggesting that the singlet 

exciton–exciton annihilation contributes to the rapid interconversion.  Interestingly, the 

formation yield of triplet excitons is estimated to be as high as ~25% at 10 ps from the 

decay analysis [18,38], even though singlet excitons are significantly quenched by the 

singlet exciton–exciton annihilation.  If triplet excitons were formed via the 

intersystem crossing from relaxed singlet excitons, the triplet yield at 10 ps should be as 

small as ~1% because the intersystem crossing rate has been reported to be ~1 ns−1 for 

poly(3-octylthiophene) in a xylene solution [38].  Therefore, such a short 

interconversion time of ~4 ps cannot be simply explained in terms of the intersystem 

crossing from the lowest singlet exciton state to triplet exciton state.  Rather the rapid 

triplet formation results from a higher singlet exciton state generated by the singlet 

exciton–exciton annihilation in the picosecond time domain.  The triplet formation 

from a higher exciton state should be completed before the relaxation to the lowest 

singlet exciton state, because the interconversion in the relaxed exciton states is limited 

by the slow intersystem crossing rate.  We therefore conclude that the rapid triplet 

formation is in competition with the vibrational relaxation to the lowest exciton or 
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polaron pair states within <100 fs.  Such a rapid triplet formation is indicative of 

efficient spin-mixing between singlet and triplet excitons.  Higher exciton states in 

conjugated polymers are likely to be more mixed with CT states, resulting in a relatively 

longer electron–hole separation and hence a smaller electron exchange integral 2J.  

The small energy gap of 2J between the singlet and triplet states would promote the 

interconversion between them.  For a very small exchange integral, hyperfine 

interaction (HFI) between the electron and nuclear spins generally plays an important 

role in the interconversion mechanism.  In organic radicals, the HFI energy is typically 

in the order of ~5 mT, which corresponds to an interconversion time of several 

nanoseconds [39,40].  This is consistent with an interconversion time of ~1 ns reported 

for poly(3-octylthiophene) in a xylene solution [38].  Thus, the ultrafast triplet 

formation on a short time scale of picoseconds suggests that the interconversion 

mechanism is different from the normal intersystem crossing from the lowest singlet 

exciton. 

 

-----<<<   Figure 12   >>>----- 

 

 Fission of singlet excitons into two triplet exciton pairs is spin-conserving and 

hence spin-allowed [23].  Singlet fission is primarily induced by spin dipole–dipole 

interaction while the normal intersystem crossing is induced by the spin–orbit coupling 

[41].  Triplet formation from singlet fission has been reported for molecular crystals 

[42–47], and also for conjugated polymer films [48–50].  The energy of the two triplet 

pair state 1(TT) is approximated by twice the energy of isolated triplet excitons (2ET1).  

This is in good approximation for molecular crystals with weak intermolecular 

 21 



interactions.  Thus, 2ET1 is generally considered to be the threshold energy for singlet 

fission.  Assuming that the energy difference between the lowest singlet and triplet 

states ∆EST is 0.7 eV for RRa-P3HT, which is a typical value for various amorphous 

conjugated polymers [51,52], the energy level of the lowest triplet exciton state (ET1) is 

roughly estimated to be 1.6 eV for RRa-P3HT amorphous films.  Therefore, the 

threshold energy for singlet fission is estimated to be 3.2 eV for RRa-P3HT, which is 

slightly higher than the excitation energy (3.1 eV).  In other words, the singlet fission 

by one photon excitation at 400 nm is thermodynamically unfavorable for RRa-P3HT.  

Indeed, no distinct triplet signal is observed for RRa-P3HT films immediately after the 

laser excitation under lower excitation intensities.  On the other hand, singlet fission is 

thermodynamically possible from a higher singlet exciton state generated by the singlet 

exciton–exciton annihilation (singlet fusion).  If triplet excitons are generated from 

singlet fission, the back recombination of the two triplet pair state 1(TT) to the singlet 

exciton state is also spin-allowed and therefore expected to be much faster than the 

normal spin-forbidden transition from isolated triplet excitons to the ground state.  As 

shown in Figure 12, the lifetime of triplet signals observed for RRa-P3HT is as short as 

300 ps, which is much faster than that of “isolated” triplet excitons (~7 μs).  This rapid 

decay is ascribed to the recombination of triplet exciton pairs to the singlet exciton state.  

We therefore conclude that triplet excitons observed for RRa-P3HT films are mainly 

generated through the singlet fission from a higher singlet exciton state produced by the 

singlet exciton–exciton annihilation (singlet fusion followed by singlet fission into 

triplet exciton pairs).  Note that no triplet formation is observed for RR-P3HT 

crystalline films even though singlet fission is thermodynamically possible from a 

higher singlet exciton state.  This is probably because the formation of polarons or 
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polaron pairs is more efficient than that of the singlet fission because of the larger 

interchain interaction in highly ordered crystalline RR-P3HT films.   

 Finally, we note the relevance of singlet fission to polymer solar cells.  As 

mentioned above, singlet fission produces two triplet excitons from one singlet exciton.  

This is analogous to multiple exciton generation in semiconductor quantum dots [53,54], 

which has attracted increasing interest because more than one excitons could be 

generated by one photon absorption.  Recent studies have demonstrated that the singlet 

fission indeed contributes to the photocurrent in pentacene/C60 bilayered films [55,56].   

The singlet fission in RRa-P3HT films is not directly linked with the polaron formation.  

This is partly because the triplet exciton state is located lower in energy than the polaron 

state.  Although further studies are needed for efficient singlet fission into triplet 

excitons followed by efficient charge generation, it is a challenging and attractive target 

to develop polymer solar cells based on singlet fission. 

 

 

6. Charge Dynamics 

 Let us move on to the dynamics of charge species generated in 

polymer:fullerene blends.  In particular, we focus on the charge dynamics in 

P3HT:PCBM blends and summarize the relevance to the device performance [19,20].   

6.1 Charge Generation 

 In RRa-P3HT:PCBM blend films, as shown in Figure 6a, P3HT singlet exciton 

is already quenched to ~50% even at 0 ps, and disappears rapidly in a picosecond, 

followed by P3HT polaron generation.  Figure 13a shows the time evolution of P3HT 

singlet excitons and polarons in the RRa-P3HT:PCBM blend film.  The P3HT singlet 
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exciton decays monoexponentially with a time constant of 0.2 ps.  On the other hand, 

more than half of the polarons are promptly generated even at 0 ps and the remaining 

polarons are also rapidly generated with the same rise constant of 0.2 ps.  This 

agreement suggests that polarons are efficiently generated from P3HT singlet excitons 

in a picosecond.  The rapid formation of polarons is ascribed to the prompt charge 

generation at the interface of RRa-P3HT/PCBM, because the exciton migration is 

negligible on such a short time scale (<0.2 ps).  This is probably because PCBM 

molecules are more homogeneously dispersed in RRa-P3HT amorphous films than in 

RR-P3HT crystalline films.  Assuming a homogeneous distribution of 50 wt% PCBM 

in RRa-P3HT films, the intermolecular distance of neighboring PCBM molecules would 

be less than 1 nm.  As mentioned in section 5.1, the delocalization radius of singlet 

excitons is estimated to be 3.2 nm in the RRa-P3HT film.  This suggests that singlet 

excitons generated can promptly encounter a PCBM molecule without exciton 

migration.  Furthermore, as shown in Figure 13b, no decay is observed for the 

photobleaching at 470 nm, suggesting that all the singlet excitons are converted to 

polarons without deactivating to the ground state.  We therefore conclude that both the 

exciton diffusion efficiency (ηED) and the charge transfer efficiency (ηCT) are as high as 

100% in RRa-P3HT:PCBM blend films. 

 

-----<<<   Figure 13   >>>----- 

 

 In RR-P3HT:PCBM blend films, as shown in Figure 7a, P3HT singlet excitons 

are also already quenched to ~50% even at 0 ps, and decays on a time scale of 

picoseconds, followed by efficient P3HT polaron generation.  Figure 14 shows the 
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time evolution of the singlet exciton band at 1200 nm and the polaron band at 720 nm.  

The decay of P3HT singlet excitons can be fitted by a double exponential function with 

a short lifetime of ~10 ps and an intrinsic exciton lifetime of 330 ps.  On the other 

hand, a part of P3HT polarons are promptly generated even at 0 ps and the others are 

gradually generated with the same time constant as the short lifetime of P3HT singlet 

excitons.  The delayed polaron formation (~10 ps) is much slower than that observed 

for RRa-P3HT:PCBM blend films (<1 ps).  Furthermore, the rise and decay constants 

depend on the P3HT domain size: both increase with increasing P3HT concentration 

and slightly increase after the thermal annealing.  We therefore assign the delayed 

formation to the polaron generation via the exciton migration to the interface of 

RR-P3HT/PCBM.  In other words, the time constant of the delayed formation of 

polarons is limited by the exciton migration in relatively large crystalline domains of 

RR-P3HT.  This is consistent with the recent transient studies [57,58].  On the other 

hand, the prompt polaron formation (>1013 s−1) is ascribed to the charge generation at 

the interface of RR-P3HT/PCBM.  The rate constant of the prompt polaron formation 

is 104 times faster than the deactivation rate constant (3.0 × 109 s−1) of singlet excitons 

in RR-P3HT pristine films.  Thus, the charge transfer efficiency (ηCT) is estimated to 

be ~100% at the interface of RR-P3HT/PCBM.  Because ηCT ≈ 100%, the exciton 

diffusion efficiency is estimated to be ηED = ηqηCT ≈ ηq = kq/(kF + kq) = 93% before the 

thermal annealing and 89% after the thermal annealing in RR-P3HT:PCBM blend films.  

In other words, there is almost 10% loss in ηED in either case although it is still high 

enough to collect singlet excitons into the interface of RR-P3HT/PCBM.   

 

-----<<<   Figure 14   >>>----- 
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6.2 Geminate and Bimolecular Recombination 

 The charge recombination between electrons and holes can be typically 

classified into monomolecular (geminate) recombination and bimolecular 

recombination.  It is important to distinguish between the two because the photocurrent 

generation is critically dependent on whether the electron and hole are bound as a 

geminate pair at the interface or dissociated into free carriers.  However, it is 

impossible to distinguish between geminate charge pairs and free carriers from transient 

absorption spectra alone, because the charge species are identical in either case.  

Geminate recombination is the first-order reaction, and hence the decay constant is, as 

shown in Figure 15a, independent of the concentration of the transient species.  On the 

other hand, bimolecular recombination is the second-order reaction, and hence the 

half-life is, as shown in Figure 15b, dependent on the concentration of the transient 

species: it should be theoretically half at twice concentration.  Therefore, we can 

distinguish whether electron and hole are bound as a geminate pair at the interface or 

dissociated into free carriers by analyzing the intensity dependence of the decay 

dynamics. 

 

-----<<<   Figure 15   >>>----- 

 

 In RRa-P3HT:PCBM blend films, as described in section 6.1, polarons are 

promptly generated in a picosecond with ηED = 100%.  However, as shown in Figure 

16, the PCBM anion band at 1030 nm decays monoexponentially to 30% with a time 
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constant of ~0.8 ns.  The photobleaching at 480 nm also recovers with the same 

constant of ~0.8 ns.  Furthermore, as shown in Figure 17, all the decay dynamics of the 

P3HT polarons at 850 nm, the PCBM anions at 1030 nm, and the photobleaching at 480 

nm are independent of the excitation intensity, and therefore can be ascribed to the 

monomolecular (geminate) recombination of P3HT polarons and PCBM anions.  We 

therefore conclude that 70% of P3HT polarons geminately recombine with PCBM 

anions to the ground state and the remaining 30% of polarons can be dissociated into 

free carriers.  The dissociated polarons survive until longer time domains and hence 

can be observed on a time scale of microseconds as shown in Figure 6b.  In other 

words, the charge dissociation efficiency is as low as ηCD = 30% in RRa-P3HT:PCBM 

blend films. 

 

-----<<<   Figure 16   >>>----- 

-----<<<   Figure 17   >>>----- 

 

 In RR-P3HT:PCBM blend films, there are two pathways for polaron 

generation: one is prompt generation (<100 fs) at the interface and the other is delayed 

generation (~10 ps) after the exciton migration to the interface.  Here we focus on the 

nanosecond dynamics of two polarons bands: the delocalized polarons at 700 nm and 

localized polarons at 1000 nm.  This assignment is consistent with previous studies on 

P3HT pristine films where the 700-nm and 1000-nm bands are ascribed to interchain 

delocalized polarons and intrachain localized polarons, respectively [13,29,30].  As 

shown in Figure 18, the decay dynamics of the two bands is dependent on the excitation 

intensity at higher excitation intensities, indicating the bimolecular recombination of 
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free polarons.  We therefore conclude that all of the polarons at 700 and 1000 nm are 

ascribed to dissociated free polarons on a time scale of nanoseconds.  In contrast to 

RRa-P3HT:PCBM blends, no decay is observed for RR-P3HT:PCBM blends even at 

lower excitation intensities.  In other words, the charge dissociation efficiency is 

estimated to be as high as ~100% for these two polarons.  In addition, without going 

into detail, the other polaron in amorphous domains exhibits a charge dissociation 

efficiency of 38% before the thermal annealing, which is similar to that observed for 

RRa-P3HT:PCBM blends, and 69% after the thermal annealing.   Consequently, the 

overall charge dissociation efficiency is as high as ηCD = 80% before the thermal 

annealing, and increases to ηCD = 93% after the thermal annealing, which is three times 

larger than that for RRa-P3HT:PCBM blend films. 

 

-----<<<   Figure 18   >>>----- 

 

 Such a high dissociation efficiency is consistent with the efficient device 

performance of RR-P3HT:PCBM solar cells.  However, it cannot be rationally 

explained by the classical models such as those of Onsager [59] and Braun [60].  

Recent theoretical studies demonstrate that the presence of donor/acceptor 

phase-separated interface increases the charge dissociation probability in comparison 

with the homogeneous blend [61–63].  Recently, Durrant pointed out the importance of 

considering the change in entropy associated with changing from a single exciton to two 

separated charges, by which the effective Coulomb capture radius is estimated to be ~4 

nm at a typical donor/acceptor heterojunction [64].  This is much shorter than the 

Onsager radius (rC = 14–19 nm) in organic materials at room temperature as mentioned 
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above.  Interestingly, this effective Coulomb capture radius is comparable to our 

estimations of the delocalization radius of singlet excitons: singlet excitons with a radius 

of ~4.3–6.7 nm in RR-P3HT pristine films can be effectively dissociated into free 

polarons, while singlet excitons with a radius of ~3.2 nm in RRa-P3HT pristine films 

form bound radical pairs.  This correlation suggests that the separation distance of two 

charges at the interface is closely related to the delocalization radius of singlet excitons.  

On the other hand, Deibel and his coworkers have demonstrated that the efficient charge 

dissociation can be explained by kinetic Monte Carlo simulations considering 

delocalization of charge carriers within conjugated segments in polymer chain [65].  

This is also consistent with our findings of the different delocalization radius of singlet 

excitons, because delocalized singlet excitons would convert to delocalized polarons.  

We therefore conclude that the longer separation distance of bound radical pairs >4 nm 

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 cause 

in a significant loss due to the geminate recombination of bound radical pairs at the 

interface.  In addition, desirable phase-separated structures in RR-P3HT:PCBM blend 

films can also promote the dissociation of bound radical pairs effectively whereas 

homogeneously-mixed blend structures in RRa-P3HT:PCBM blend films cause a 

significant loss due to the geminate recombination.  Furthermore, the high charge 

mobility in RR-P3HT:PCBM blend films can also result in the efficient dissociation of 

bound radical pairs [60–66]. 

 

 

6.3 Trap-Free and Trap-Limited Recombination 
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-----<<<   Figure 19   >>>----- 

 

 As shown in Figure 7b, two absorption bands are clearly observed at around 

700 and 1000 nm and decay slowly on a microsecond time scale.  These two bands can 

be ascribed to polarons: the 700-nm band to delocalized polarons and the 1000-nm band 

to localized polarons.  Interestingly, the delocalized polaron band at 700 nm decays 

faster than the localized polaron band at 1000 nm.  The delocalized polaron band 

almost disappears and instead the localized polaron band is dominant at 100 μs.  This 

is indicative of the different recombination dynamics between delocalized polaron and 

localized polaron.  Figure 19 shows the transient absorption decays at 700 and 1000 

nm at different excitation intensities from 0.8 to 30 μJ cm−2.  Here the charge carrier 

density is calculated on the basis of the molar absorption coefficient of each polaron.  

As shown in the figure, both decays can be well fitted with an empirical power-law 

equation. 

     (1)  

The exponent α for the localized polaron band at 1000 nm is ~0.5, which is consistent 

with previous reports [8,16,67,68].  As mentioned above, this power-law decay with an 

exponent α < 1 is characteristic of bimolecular recombination of trapped carriers having 

an exponential tail of polaron trap states (trap-limited bimolecular recombination) 

[31,69,70].  On the other hand, the exponent α for the delocalized polaron band at 700 

nm is as high as unity, suggesting trap-free bimolecular recombination.   
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-----<<<   Figure 20   >>>----- 

 

 The diffusion-limited bimolecular charge recombination dynamics is given by 

     (2)  

where n(t) is the carrier density and γ(t) is the bimolecular recombination rate at a delay 

time t.  Therefore, the bimolecular recombination rate can be expressed as a function 

of time by substituting eq 1 into eq 2 

   (3)  

Similarly, the bimolecular recombination rate can be also expressed as a function of the 

carrier density by substituting eq 1 into eq 3. 

     (4)  

As mentioned above, α is equal to ~0.5 for the localized polaron band at 1000 nm and 

unity for the delocalized polaron band at 700 nm.  Therefore, as shown in Figure 20, 

the bimolecular recombination rate is time-dependent γ(t) for the localized polaron band 

at 1000 nm, which decreases from 10−12 to 10−13 cm3 s−1 over the time range from 10−6 

to 10−3 s, while it is time-independent γ = a n0
−1 ≈ 10−12 cm3 s−1 for the delocalized 

polaron band at 700 nm.  Figure 21 shows the temperature dependence of the 

bimolecular recombination rate of (a) localized polarons at 1000 nm and (b) delocalized 

polarons observed at 700 nm over the carrier density range from 1016 to 1017 cm−3.  For 

the localized polarons, the activation energy estimated from the slope in the Arrhenius 

plots is as large as 0.097 to 0.178 eV, which depends on the carrier density.  On the 

other hand, the activation energy for the delocalized polarons is as low as ~0.078 eV 
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and independent of the carrier density.  We therefore assign the localized polarons to 

trapped polarons and the delocalized polarons to trap-free polarons.   

 

-----<<<   Figure 21   >>>----- 

 

 For localized polarons, the time-dependent trap-limited bimolecular 

recombination rate γ(t) varies from 10−12 to 10−13 cm3 s−1 depending on time or carrier 

density, as shown in Figure 20, which is consistent with previous reports [67,68,71,72].  

The time-dependent bimolecular recombination rate is due to trap depths depending on 

the carrier density: the trap depth deepens with time because of lower carrier density, 

resulting in the slower bimolecular recombination rate on longer time scales [31,68,70].  

As shown in Figure 20b, the slope of log–log plots of γ(n) against n is almost unity.  In 

other words, γ(n) can be expressed by γ(n) ≈ γ0 n.  Thus, eq 2 is rewritten as 

     (5)  

This is consistent with the trimolecular recombination dynamics reported recently for 

RR-P3HT:PCBM blends [67,68,71–73].  More specifically, γ(n) can be expressed by 

γ(n) ∝ n(1/α)−1 where the exponent (1/α)−1 would vary from 4.3 to 2.4 because α varies 

from 0.3 to 0.7 depending on PCBM fractions or annealing conditions as reported 

previously [8,16,67,68].  In other words, the time-dependent trap-limited bimolecular 

recombination rate is strongly dependent on the film morphology.   

 For delocalized polarons, on the other hand, the time-independent trap-free 

bimolecular recombination rate is γ ≈ 10−12 cm3 s−1, which is one order of magnitude 

higher than that estimated by photo-CELIV [74].  This is probably because the 
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photo-CELIV measurement cannot distinguish these two polarons and hence gives the 

averaged bimolecular recombination rate.  Interestingly, the trap-free bimolecular 

recombination rate is several orders of magnitude lower than the Langevin 

recombination rate given by γL = e(μe + μh)/εε0 where μe and μh are the electron and hole 

mobility, respectively, and ε and ε0 are the relative permittivity of the film and the 

vacuum permittivity, respectively.  Assuming μe ≈ 10−2 cm2 V−1 s−1 [75] and μh ≈ 10−4 

cm2 V−1 s−1 [76], γL is estimated to be as high as ~10−8 cm3 s−1.  Considering the 

slowest mobility μh ≈ 10−4 cm2 V−1 s−1 [77], γL is estimated to be ~10−10 cm3 s−1, which 

is still two orders of magnitude higher than the time-independent trap-free bimolecular 

recombination rate γ ≈ 10−12 cm3 s−1.  As reported previously, the reduced bimolecular 

recombination rate is partly ascribed to phase-separated bicontinuous networks of 

RR-P3HT and PCBM domains, which are beneficial for reducing bimolecular 

recombination loss [67,74].  It is also possible that the recombination is not 

diffusion-limited but depends on the electron transfer rate at the interface.  More 

importantly, the lifetime of trap-free carriers is estimated to be τ = (γ n0)−1 ≈ 10 μs under 

the 1 sun condition, which is longer than a charge collection time (~2 μs) to extract 

~50% charges under the 1 sun open-circuit conditions [25].  This finding suggests that 

the majority of trap-free charge carriers could reach the electrode before the bimolecular 

recombination even under near open-circuit condition.  Under the short-circuit 

condition, the recombination loss has been reported to be negligible because the 

short-circuit current increases linearly with the illumination intensity.  We therefore 

conclude that trap-free polarons play a major role in the charge transport, resulting in 

the recombination-lossless performance in RR-P3HT:PCBM solar cells under not only 

the short-circuit but also near-open-circuit condition.  This is consistent with the 
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relatively high fill factors (0.6–0.7) and EQEs (>80%) reported for this device in 

comparison with other combination devices [5–9]. 

 

 

6.4 Relevance to Device Performance 

 

-----<<<   Table 1   >>>----- 

 

 As summarized in Table 1, we can evaluate all the efficiency of photovoltaic 

events in polymer solar cells.  As described above, we can evaluate the efficiency of 

ηED, ηCT, and ηCD from the transient absorption study.  Τhe remaining charge 

collection efficiency ηCC can be estimated from the internal quantum efficiency (IQE) 

reported in previous studies [57,78–80].  Note that the efficiency is not absolute one 

but should depend on the film morphology.  Indeed, the difference in the IQE is due to 

the different film morphology depending on the preparation conditions.  Nonetheless, 

the efficiency listed in the table demonstrates which loss process is dominant in the 

device performance qualitatively.  For RR-P3HT:PCBM solar cells, all the efficiency 

is more than 90% after the thermal annealing.  For RRa-P3HT:PCBM solar cells, on 

the other hand, the low efficiency in ηCD and ηCC is a major cause of the poor device 

performance.  More specifically, the exciton diffusion ηED is ~100% for 

RRa-P3HT:PCBM blend films, 93% for RR-P3HT:PCBM blend films before the 

thermal annealing, and 89% after the thermal annealing.  In terms of the exciton 

collection to the interface, therefore, homogeneously-mixed blend structures of 

RRa-P3HT:PCBM films are more desirable than phase-separated blend structures of 
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RR-P3HT:PCBM films.  This is consistent with the PL quenching results, indicating 

that there is still room to further improve the exciton diffusion efficiency in 

RR-P3HT:PCBM [81].  Indeed, such unquenched P3HT excitons can be effectively 

collected to the interface through the long-range energy transfer by loading appropriate 

dye molecules into RR-P3HT:PCBM blends [78,82].  For the charge transfer at the 

interface, ηCT is as high as ~100% both for RRa-P3HT:PCBM and RR-P3HT:PCBM 

blend films, suggesting that it is dependent on the combination of donor and acceptor 

materials rather than blend structures.  For the charge dissociation, ηCD is as low as 

~30% for RRa-P3HT:PCBM blend films, while it is as high as 80% for 

RR-P3HT:PCBM blend films before the thermal annealing and is improved to 93% 

after the thermal annealing.  For the charge collection, ηCC is as low as 15% for 

RRa-P3HT:PCBM blend films, while it is ~60–70% for RR-P3HT:PCBM blend films 

before the thermal annealing and is improved up to >90% after the thermal annealing.  

The large differences in ηCD and ηCC are mainly ascribed to the phase-separated 

networks and the crystallization of RR-P3HT, both of which result in improved carrier 

mobility and larger separation of bound radical pairs.  The high charge collection 

efficiency is consistent with our conclusion in the previous section.  In conclusion, 

there is not much difference in the charge generation yield between RRa-P3HT:PCBM 

and RR-P3HT:PCBM blend films.  Rather, the charge dissociation and collection have 

a critical impact on the device performance of P3HT:PCBM solar cells.  Further 

studies are required to address the origin of high efficiency in the charge dissociation 

and collection in polymer solar cells.  
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7. Concluding Remarks 

 Polymer solar cells have made rapid progress in the device performance during 

the last decade.  In 2010, a PCE in excess of 8% has been listed in the solar cell 

efficiency tables.  More than 10% efficiency is now within reach.  For such 

remarkable progress, development of various new materials has played a leading role.  

On the other hand, there still remain unsolved issues on the underlying mechanism of 

photovoltaic conversion in polymer solar cells.  The device performance based on J–V 

characteristics just gives us the final result of a series of fundamental photovoltaic 

conversion events such as photon absorption, exciton generation, exciton diffusion, 

charge separation, charge recombination, charge dissociation, charge transport, and 

charge collection.  These range over nine orders of magnitude on temporal scale from 

10−14 to 10−5 s.  Here we demonstrated how powerful and useful the transient 

absorption spectroscopy is for directly observing transient species such as excitons and 

polarons involved in photovoltaic conversion events.  A transient absorption study will 

help us understand “what” is going on in the device and evaluate quantitatively “how” 

fast and efficient each event is.  Consequently, we can discuss in detail “why” such 

device performance is obtained on the basis of not the final result but each fundamental 

photovoltaic conversion event.  Such an in-depth understanding of the mechanism 

underlying polymer solar cells will lead to the development of new materials and 

progress in device engineering.  In particular, the key to further improvements of 

polymer solar cells is to understand the origin of high charge dissociation and collection 

efficiency.  The high dissociation efficiency cannot be explained rationally by the 

classical theory, and the reduced bimolecular recombination rate is inconsistent with the 

Langevin recombination.  Further progress toward 15% efficiency requires the synergy 
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between developments of new materials and device structures and better understanding 

of the photovoltaic conversion mechanism.  
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Figure Captions 

 

Fig. 1.  Photovoltaic conversion events in polymer solar cells with a bilayer structure 

of hole-transporting and electron-transporting materials: 1) exciton generation by 

photon absorption , 2) exciton diffusion into a donor/acceptor interface, 3) charge 

transfer at the interface, 4) charge dissociation into free carriers, and 5) charge transport 

to each electrode. 

 

Fig. 2.  Block diagram of highly sensitive microsecond transient absorption 

measurement system: MC monochromator, S sample, PC computer, and PD PIN 

photodiode to detect a part of a pump laser pulse as a trigger signal, which is sent to the 

digital oscilloscope.  The detector is replaceable: Si PIN photodiode for the visible 

wavelength range and InGaAs PIN photodiode for the near-IR wavelength range.  The 

black and gray lines represent electric signals and optical probe and pump light, 

respectively. 

 

Fig. 3.  Block diagram of pump and probe femtosecond transient absorption 

measurement system: SHG second harmonic generator, ODL optical delay line, C 

chopper, WLG white light generator, S sample, D detector.  The detector is 

replaceable: a linear CCD array for the visible wavelength range and a digital line scan 

InGaAs camera for near-IR wavelength range.   

 

Fig. 4.  a) Transient absorption spectra of RRa-P3HT films excited at 400 nm 

measured at 0, 1, 10, 100, and 3000 ps from top to bottom.  b) Transient absorption 
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spectra of RRa-P3HT films excited at 450 nm measured at 0.5, 2, 4, 6, and 10 μs from 

top to bottom.  The inset shows the transient absorption decay at 850 nm under Ar and 

O2 atmosphere.[18] 

 

Fig. 5.  a) Transient absorption spectra of RR-P3HT films measured at 0, 1, 10, 100, 

and 3000 ps from top to bottom in each panel.  The excitation intensity is as follows: a) 

15, b) 30, c) 60, and d) 120 μJ cm−2.  The excitation wavelength is 400 nm.[18] 

 

Fig. 6.  a) Transient absorption spectra of RRa-P3HT:PCBM (50:50 w/w) blend films 

(solid lines) measured at 0, 0.2, 1, 100, and 3000 ps (from top to bottom).  The broken 

line represents transient absorption spectrum of an RRa-P3HT pristine film measured at 

0 ps.  The transient absorption is corrected for variation in the absorption at an 

excitation wavelength of 400 nm.  b) Transient absorption spectra of 

RRa-P3HT:PCBM (50:50 w/w) blend films excited at 450 nm measured at 0.5, 1, 2, 4, 

and 8 μs (from top to bottom).  The inset shows transient absorption decays at 850 

(upper) and 1030 nm (lower).  The white broken lines represent fitting curves with a 

power-law equation: ΔOD(t) ∝ t−α.[19] 

 

Fig. 7.  a) Transient absorption spectra of RR-P3HT:PCBM (50:50 w/w) blend films 

after thermal annealing (solid lines) measured at 0, 1, 10, 100, and 3000 ps (from top to 

bottom).  The broken line represents transient absorption spectrum of an RR-P3HT 

pristine film (broken line) measured at 0 ps.  The transient absorption is corrected for 

variation in the absorption at an excitation wavelength of 400 nm.  b) Transient 

absorption spectra of RR-P3HT:PCBM (50:50 w/w) blend films after thermal annealing 
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excited at 400 nm measured at 0.5, 1, 2, 5, 10, 20 and 100 μs (from top to bottom).  

The inset shows transient absorption decays at 1000 (upper) and 700 nm (lower).[19,20] 

 

Fig. 8.  a) Transient absorption spectra of PT10PhT10:PCBM (95:5 w/w) blend films 

excited at 420 nm measured at 0, 1, 10, 100, and 3000 ps (from top to bottom).  b) 

Transient absorption decays of PT10PhT10:PCBM (95:5 w/w) blend films excited at 420 

nm monitored at 700 nm under argon (black line) and oxygen (gray line) 

atmosphere.[16] 

 

 

Fig. 9.  Transient absorption spectra of a polystyrene film doped with TMPD(20 wt%) 

and PCBM(30 wt%) at 1, 2 , and 10 ps after the laser excitation at 400 nm.  The inset 

shows the transient decays at 600 nm (solid line) and 1050 nm (broken line).  

Reproduced with permission from [17].  Copyright Wiley-VCH Verlag GmbH & Co. 

KGaA. 

 

Fig. 10.  Transient absorption spectra of P3HTpristine films measured at 0, 1, 10, 100, 

and 3000 ps from top to bottom in each panel: a) RRa-P3HT excited at 400 nm, b) 

RR-P3HT excited at 400 nm, and c) RR-P3HT excited at 620 nm.[18] 

 

Fig. 11.  a) Transient absorption spectra of RR-P3HT:F8BT blend films excited at 400 

nm measured at 0, 1, 10, 100, 1000 ps from top to bottom.  b) Time evolution of F8BT 

singlet excitons (open circles) and RR-P3HT singlet excitons (closed circles).  The rise 

and decay curves are fitted with the following equation: ΔODR(t) = A[1 – exp(−t/τR)] + 
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B and ΔODD(t) = A exp(−t/τD) (τR = τD = 0.3 ps).[21] 

 

Fig. 12.  Normalized transient absorption decays of RRa-P3HT pristine films excited 

at 400 nm (~30 μJ cm−2).  The closed circles represent time evolution of singlet 

excitons measured at 1000 nm.  The open circles represent time evolution of triplet 

excitons, which is evaluated by subtracting the transient signals of singlet excitons at 

1000 nm from that at 825 nm.[18] 

 

Fig. 13.  a) Normalized transient absorption signals of singlet exciton (closed circles) 

and polaron (closed triangles) generated in RRa-P3HT:PCBM (50:50 w/w) blend films 

excited at 400 nm.  The closed circles are obtained by subtracting the transient signal 

of polaron at 1600 nm (closed triangles) from that at 1000 nm (solid line, singlet exciton 

and polaron).  The subtracted signals (closed circles) are fitted with a monoexponential 

function: ΔOD(t) = A exp(−t/τD).  The transient rise signals at 1600 nm are fitted with 

an exponential function and a constant: ΔOD(t) = A[1 − exp(−t/τR)] + B (τD = τR = 0.2 

ps).  b) Normalized transient absorption signals of photobleaching at 470 nm (closed 

squares) for RRa-P3HT:PCBM (50:50 w/w) blend films excited at 400 nm.  The 

photobleaching signals are fitted with a constant: ΔOD(t) = constant.  The white 

broken lines represent the best-fitting curves.  The dotted line indicates the instrument 

response function of the transient absorption spectroscope.[19] 

 

Fig. 14.  Normalized transient absorption signals of RR-P3HT:PCBM blend films 

excited at 400 nm measured at 1200 nm (singlet excitons, closed circles) and 720 nm 

(polarons, open circles): a) 5 wt% PCBM, b) 20 wt% PCBM, c) 50wt% PCBM before 
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thermal annealing, and d) 50 wt% PCBM after thermal annealing.  The transient 

absorption decay at 1200 nm is fitted with a double exponential function: ΔOD(t) = 

AD1exp(−t/τD1) + AD2exp(−t/τD2).  The transient absorption decay at 720 nm is fitted 

with a double exponential function: ΔOD(t) = AR[1 − exp(−t/τR)] + B.  The gray lines 

represent the best-fitting curves.[19] 

 

Fig. 15.  Intensity dependence of the simulated transient absorption decays for a) the 

monomolecular recombination (the first order reaction) and b) the bimolecular 

recombination (the second order reaction).  In the first order reaction, the lifetime is 

independent of the initial concentration n0.  In the second order reaction, the half-life is 

dependent on n0: it is half at twice the initial concentration. 

 

Fig. 16.  Normalized transient absorption decays of RRa-P3HT:PCBM (50:50 w/w) 

blend films excited at 400 nm measured at a) 1030 nm and b) 480 nm.  The transient 

decay is fitted with an exponential function and a constant: ΔOD(t) = AD[1 − exp(−t/τD)] 

+ B.  The broken lines represent the best-fitting curve.[19] 

 

Fig. 17.  Transient absorption decays of RRa-P3HT:PCBM (50:50 w/w) blend films 

excited at 400 nm measured at a) 1030 nm, b) 850 nm, and c) 480 nm.  The excitation 

intensity is varied over 6, 12, 24, 48, 72, 120 μJ cm−2 from bottom to top in each panel.  

The negative signals at 480 nm are converted to positive.[19] 

 

Fig. 18.  Transient absorption decays of RR-P3HT:PCBM (50:50 w/w) blend films 

after thermal annealing excited at 400 nm measured at a) 700 nm and b) 1000 nm.  The 
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excitation intensity is 6, 12, 24, 48, 72, 120 μJ cm−2 from bottom to top in each 

panel.[19] 

 

Fig. 19.  Time evolution of the carrier density n(t) in RR-P3HT:PCBM (50:50 w/w) 

blend films measured at a) 700 nm and b) 1000 nm.  The excitation intensity at 400 nm 

is 0.8, 1.8, and 4.7 μJ cm−2 from bottom to top in each panel.  The broken lines 

represent fitting curves with an empirical power equation: n(t) = n0/(1 + at)−α.[20] 

 

Fig. 20.  Log–log plots of the bimolecular recombination rate γ at 1000 nm (solid 

lines) and 700 nm (broken lines) as a function of a) time t and b) the carrier density 

n.[20] 

 

Fig. 21.  Arrhenius plots of the bimolecular recombination rate γ at a) 1000 nm and b) 

700 nm over the temperature range from 150 to 290 K.  The carrier density n is 1.3 × 

1016 (♦), 2.7 × 1016 (◊), 5.4 × 1016 (■), 1.1 × 1017 (□), 1.6 × 1017 (●), and 2.2 × 1017 cm−3 

(○) at 700 nm and 1.3 × 1016 (♦), 2.5 × 1016 (◊), 5.0 × 1016 (■), 1.0 × 1017 (□), 1.5 × 1017 

(●), and 2.0 × 1017 cm−3 (○) at 1000 nm from bottom to top in each panel.  The solid 

lines represent fitting curves with the Arrhenius equation: ln γ = ln A – EA/(kBT).[20] 
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Table 1.  Efficiency of each photovoltaic conversion event in P3HT:PCBM solar cells 

a [19] 

blend films ηED ηCT ηCD ηCC IQE / % 

RRa-P3HT:PCBM 1 1 0.31 0.15 5 b 

RR-P3HT:PCBM 

before annealing 
0.93 1 0.80 ~0.6–0.7 42–55 c 

RR-P3HT:PCBM 

after annealing 
0.89 1 0.93 >0.9 75–83 d 

 

a 
ηED: Exciton diffusion efficiency to the interface of P3HT/PCBM, ηCT: Charge transfer 

efficiency at the P3HT/PCBM interface, ηCD: Overall charge dissociation efficiency, 

ηCC: Charge collection efficiency, IQE: internal quantum efficiency at 400 nm, which is 

calculated by IQE = EQE/ηA where EQE is the external quantum efficiency at 400 nm 

and ηA is estimated from twice the absorbance 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.  

b taken from Ref 79. 

c taken from Refs 57 and 78. 

d taken from Refs 57, 78, and 80. 
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