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 

Abstract—Time-resolved spectroscopy is a powerful tool for 

studying fundamental photophysics in optoelectronic materials on 

a molecular temporal scale.  In this review, we describe transient 

spectroscopic studies on fundamental photovoltaic conversion 

processes in polymer solar cells, which consist of a series of 

conversion processes such as photon absorption, exciton diffusion 

into a donor/acceptor interface, charge transfer at the interface, 

charge dissociation into free charge carriers, and charge collection 

to each electrode.  These conversion processes are ultrafast 

phenomena and are ranging over the wide temporal scale from 

femtoseconds to microseconds, which can be directly observed by 

transient spectroscopy.   

 
Index Terms—Transient spectroscopy, polymer solar cells, 

exciton, singlet fission, geminate recombination, non-geminate 

recombination 

 

I. INTRODUCTION 

RANSIENT spectroscopy is a powerful tool for tracing 

ultrafast phenomena directly in real time.  Historically, 

Norrish and Porter developed the flash photolysis technique 

around 1950 before the invention of laser (light amplification 

by stimulated emission of radiation) [1,2].  Their pioneering 

study opened a new world of research in a microsecond time 

domain, which enables us to detect short-lived transient species 

directly.  As a result, they were awarded the Nobel Prize in 

Chemistry 1967 [3,4].  Subsequently, this technique has been 

further improved in temporal resolution with the emergence of 

short-pulsed lasers.  Currently, one can discuss ultrafast 

phenomena with a resolution of femtoseconds.  In 1999, Zewail 

was awarded the Nobel Prize in Chemistry for his studies of the 

transition states of chemical reactions using femtosecond 

spectroscopy [5].  From the establishment of the flash 

photolysis technique, the temporal resolution has been reduced 

by about eight orders of magnitude with shortening laser pulse 

duration.  Nowadays, as a result, transient spectroscopy has 

been widely employed in various research fields in order to 

directly detect short-lived intermediate species over the wide 

temporal range from seconds up to femtoseconds.  In this 

review, we focus on each photovoltaic conversion process in 

polymer solar cells, which includes photon absorption (exciton 
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generation), exciton diffusion into a donor/acceptor interface, 

charge transfer at the interface, charge dissociation into free 

charge carriers, and charge collection to each electrode as 

shown in Fig. 1 [6−17].  The series of conversion processes are 

typically ranging from femtoseconds to microseconds.  Thus, 

transient spectroscopy is the most suitable and useful method 

for studying such ultrafast conversion processes in real time. 

II. TRANSIENT ABSORPTION MEASUREMENTS 

Transient absorption spectroscopy is one of the most useful 

and powerful methods for observing transient species such as 

excitons and charge carriers generated by photoexcitation.  In 

the transient absorption measurement, the probe light intensity 

transmitted through a sample is detected before I0 and after I the 

photoexcitation.  From the intensity ratio, the absorbance 

change is given by ΔOD = log(I0/I).  Consequently, 

photoproducts provide positive signals in the ΔOD but emission 

or photobleaching due to the decrease in the ground state results 

in negative signals in the ΔOD.  According to the Lambert–

Beer’s law, on the other hand, the absorbance change is given 

by the product of a molar absorption coefficient ε, a molar 

concentration c, and an optical path length l (ΔOD = ε c l).  It is 
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Fig. 1.  Photovoltaic conversion processes in polymer solar cells: 1) photon 

absorption (exciton generation), 2) exciton diffusion into a donor/acceptor 

interface, 3) charge transfer at the interface, 4) charge dissociation into free 
charge carriers, and 5) charge collection to each electrode.  
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therefore technically difficult to detect a small absorbance 

change of thin films such as polymer solar cells, in which the 

photoactive layer is typically as thin as 100 nm (= 10−5 cm).  For 

such thin films (l = 10−5 cm), the absorbance would be as small 

as 10−5 for a typical condition of ε = 104 M−1 cm−1 and c = 0.1 

mM.  To detect such an extremely small absorbance change of 

10−5, we need to measure only 1/50000 of the change in the 

optical probe signal separately from various noises.  

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

and probe technique has been widely employed.  In this 

technique, ultrashort laser pulses are divided into two pulses: 

one serves as a pump light for the sample excitation and the 

other serves as a probe light for the transmittance measurement.  

By controlling the arrival time of the pump and probe laser 

pulses at the sample, transient absorption can be measured at 

various delay times.  The delay time 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 

30 cm the probe light is delayed by 1 ns relative to the pump 

light, and therefore the ΔOD at 1 ns after the laser excitation 

can be measured.  Fig. 2 shows a block diagram of a typical 

pump and probe spectroscopy system we employ [18–28].  This 

system consists of an ultrafast pulsed laser, a wavelength 

converter, and a pump and probe spectrometer.  As shown in 

the figure, the amplified Ti:sapphire laser provides 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 are split 

into two optical beams with a beam splitter to generate pump 

and probe pulses.  One fundamental beam is converted into 

pump pulses at 400 nm with a second harmonic generator or 

pump pulses at other wavelengths with an ultrafast optical 

parametric amplifier.  The other fundamental beam is converted 

into white light continuum pulses employed as probe pulses at 

wavelengths ranging from 400 to 1700 nm.  The pump pulses 

are modulated mechanically with a repetition rate of 500 Hz.  

The temporal evolution of the probe intensity is recorded with 

a CMOS linear sensor for the visible measurement and with an 

InGaAs linear diode array sensor for the near-IR measurement.  

Transient absorption spectra and decays are collected over the 

time range from −5 ps to 3 ns.  Typically, 2500 laser shots are 

averaged on each delay time to obtain a detectable absorbance 

change as small as 10−4–10−3 depending on the monitoring 

wavelength.  The polarization direction of the linearly polarized 

probe pulse is 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 transient absorption on later 

time range, a longer optical delay line would be required.  

Alternately, an additional laser is employed to provide delayed 

probe pulses with an electric delay generator synchronized with 

the pump laser pulse.  In such a case, it is necessary to correct 

signal jitters due to the electric circuit. 

At a much later time stage, a highly sensitive transient 

absorption spectroscopy system is required because most 

transient species already decay significantly.  Fig. 3 shows a 

block diagram of the highly sensitive microsecond transient 

absorption spectroscopy system [18,26,29–31].  In this system, 

a probe light is provided from a tungsten lamp with a power 

source stabilized to reduce fluctuation of the probe light 

intensity.  To reduce scattering light, stray light, and emission 

from the sample, two monochromators and appropriate optical 

cut-off filters are placed both before and after the sample.  An 

excitation light is supplied from a dye laser pumped by a 

nitrogen laser, which can excite an 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 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.  With this system, the detectable absorbance 

change is as small as 10−5 to 10−6 depending on the measuring 

time domain after appropriate accumulation. 

 

 
Fig. 2.  Block diagram of a pump and probe femtosecond transient absorption 

measurement system, which consists of ultrashort pulsed laser, wavelength 

converter, and pump and probe spectrometer: SHG second harmonic 

generator, OPA optical parametric amplifier, C chopper, ODL optical delay 

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

replaceable: a CMOS linear sensor for the visible wavelength range and an 
InGaAs linear diode array sensor for near-IR wavelength range.  

 
Fig. 3.  Block diagram of highly sensitive microsecond transient absorption 

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

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

sent to the digital oscilloscope.  The detector for the probe light is replaceable: 

Si PIN photodiode for the visible wavelength range and an InGaAs PIN 

photodiode for near-IR wavelength range.  
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III. EXCITON DYNAMICS 

A. Exciton Diffusion 

Excitons are coulombically bound electron–hole pairs and 

hence cannot contribute to the photocurrent in themselves.  To 

dissociate into free carriers, excitons should diffuse to a 

donor/acceptor interface where the energy offset in the lowest 

unoccupied molecular orbital (LUMO) or the highest occupied 

molecular orbital (HOMO) levels of the donor and acceptor 

materials is enough to break the Coulomb attraction.  As such, 

the exciton diffusion dynamics and length have been 

intensively studied to design efficient exciton harvesting.  For 

example, the exciton diffusion length has been reported to be 

5–7 nm for poly(p-phenylene vinylene) (PPV) films [32–37].  

On the other hand, it has been reported to be 4–27 nm for 

regioregular poly(3-hexylthiophene) (RR-P3HT) films [38–44].  

In other words, there is a good agreement for PPV amorphous 

films but considerable discrepancy for RR-P3HT crystalline 

films.  This is probably because crystalline polymers generally 

consist of not only crystalline but also amorphous domains.  

Consequently, the exciton dynamics previously studied would 

be observed for both crystalline and amorphous domains with 

different ratios depending on the measuring conditions, 

resulting in different diffusion lengths. 

The exciton diffusion length is typically evaluated by the 

following two methods.  One is photoluminescence (PL) 

quenching in bilayer films based on exciton-generating donor 

layer and exciton-quenching acceptor layer.  For crystalline 

donor polymers, the exciton diffusion evaluated by this method 

would be average one in crystalline and amorphous domains 

because the donor layer should have both domains.  The other 

is singlet–singlet exciton annihilation measured by time-

resolved spectroscopy such as transient absorption 

spectroscopy.  Without selective excitation, excitons would be 

generated in both amorphous and crystalline domains and hence 

averaged dynamics would be observed.  We therefore 

emphasize that selective excitation is of particular importance 

in order to study the exciton diffusion dynamics and length in 

crystalline domains. 

We have studied the exciton diffusion dynamics and length 

in RR-P3HT crystalline domains with different crystallinity by 

analyzing singlet–singlet exciton annihilation dynamics upon 

selective excitation at 620 nm where the absorption is safely 

ascribed not to amorphous but to crystalline phase alone.  Fig. 

4 shows the transient absorption spectra of P3HT films with 

different crystallinity.  Upon the selective excitation of RR-

P3HT at 620 nm, as shown in Figs. 4a and 4b, singlet exciton 

band is observed at around 1300 nm immediately after the laser 

excitation, and then decays monotonically but is not shifted at 

all with time.  In contrast, as shown in Fig. 4c, singlet exciton 

band is observed for regiorandom P3HT (RRa-P3HT) at 1050 

nm immediately after the laser excitation, and then decays with 

time, being redshifted to longer wavelengths.  These findings 

show that RR-P3HT crystalline domains are energetically 

homogeneous while RRa-P3HT amorphous films are 

energetically so inhomogeneous that excitons are likely to 

migrate to more stable sites with time.  Upon the excitation of 

RR-P3HT at 400 nm, the singlet exciton band is redshifted with 

time as is the case with RRa-P3HT, suggesting that excitons are 

generated not only in crystalline but also in amorphous domains.  

In summary, the selective excitation is essential for correct 

understanding the exciton dynamics in crystalline domains. 

The exciton diffusion dynamics can be discussed by 

analyzing the singlet–singlet exciton annihilation, which is 

dependent upon the excitation intensity.  At a low fluence, the 

absorption signal decays exponentially.  At higher fluences, on 

the other hand, the decay is more rapid at a shorter time stage 

but it is almost the same as that at a longer time stage  The 

slower decay is independent of the excitation intensity, 

suggesting monomolecular decay due to radiative and non-

radiative deactivations of singlet excitons.  The faster decay is 

dependent upon the excitation intensity, suggesting higher 

order kinetics such as bimolecular recombination, most 

probably due to singlet–singlet exciton annihilation.  In other 

words, the exciton diffusion dynamics can be discussed by 

analyzing the intensity-dependent faster decay. 

The rate equation for the singlet exciton decay is given by (1) 
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where n(t) is the exciton density at a delay time t after the laser 

excitation, k is the monomolecular decay rate due to the 

 
Fig. 4.  Transient absorption spectra of P3HT films with different crystallinity 

measured at 0, 1, 10, 100, 1000 ps after the laser excitation from top to bottom 

in each panel: a) RR-P3HT_H and b) RR-P3HT_L excited at 620 nm and c) 
RRa-P3HT at 400 nm [25]. 
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radiative and non-radiative deactivations, and (t) is the time-

dependent bimolecular decay rate due to the singlet–singlet 

exciton annihilation.  The coefficient 1/2 in the second term on 

the right side represents that one singlet exciton deactivates in 

the bimolecular annihilation.  The monomolecular decay rate k 

is evaluated as the inverse of the exciton lifetime  under weak 

excitation conditions, which can be measured by the time-

correlated single-photon-counting method.  The equation (1) 

can be simplified by using a new variable (2) 
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By substituting (2) into (1), the differential equation can be 

solved as 
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On the other hand, the time-dependent bimolecular decay rate  

(t) is expressed as 
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Thus, the time dependence of (t) can be evaluated from the 

measured values of exciton lifetime  and Y(t) (n(t)).  Here, n(t) 

is measured by the transient absorption spectroscopy, then is 

converted to Y(t) by using (2) and , and subsequently is 

converted to (t) by using (4).  Fig. 5 shows the log–log plots of 

(t) against time t for three different P3HT films.  As shown in 

the figure, (t) decays with a slope of −0.5 for RR-P3HT 

crystalline films and is constant independently of time for RRa-

P3HT amorphous films.  These different time dependences can 

be explained in terms of dimensionality of exciton diffusion as 

described below. 

The diffusion-limited bimolecular rates have been reported 

to depend on the dimensionality of the system [45].  In the 

three-dimensional (3D) diffusion, (t) is given by (5) 
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where D is the isotropic diffusion coefficient and R is the 

effective interaction radius of singlet excitons.  For a later time 

stage (t >> R2/(2πD)), the annihilation rate can be expressed as 

the time-independent formula 3D = 8πDR.  In the two-

dimensional (2D) diffusion, (t) is given by (6)  
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where J0 and Y0 are the Bessel functions of the first and second 

kind and zero order, respectively [46].  In the one-dimensional 

(1D) diffusion, (t) is given by (7) 
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In summary, the bimolecular decay rate (t) becomes time-

independent for the 3D diffusion, t− ( < 0.5) dependent for 

the 2D diffusion at larger t, and consistently t−0.5 dependent for 

the 1D diffusion over the whole time domain.  Consequently, 

as shown in Fig. 5, the t−0.5 dependent (t) observed for the RR-

P3HT films indicates the 1D exciton diffusion and the time-

independent (t) observed for the RRa-P3HT film indicates the 

3D exciton diffusion.  These different diffusion dynamics 

would be due to the different film morphology: RR-P3HT 

exhibits crystalline films with 1D fibrils [47] and RRa-P3HT 

exhibits amorphous films. 

The diffusion constant D and length LD can be evaluated from 

the equations (5) – (7) if the effective interaction radius R is 

obtained separately, which has been typically assumed to be 1 

nm [42,43].  Here, we estimate R from the dependence of the 

initial exciton yield at 0 ps on the excitation intensity.  The 

initial exciton yield is proportional to the excitation intensity 

under the low excitation conditions, while it is proportional to 

the square root of the excitation intensity under the high 

 
Fig. 5.  Time evolution of (t) for P3HT films with different crystallinity: a) 

RR-P3HT_H and b) RR-P3HT_L excited at 620 nm and c) RRa-P3HT at 400 
nm [25]. 
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excitation conditions.  This result indicates bimolecular 

annihilation above the threshold excitation intensity.  Thus, R 

can be estimated from the initial exciton density at the threshold 

photon density because exciton diffusion is negligible at 0 ps.  

As summarized in Table 1, R is estimated to be ~3 nm for P3HT 

films, and D and LD increase with increasing crystallinity.  The 

diffusion length LD in the highly crystalline RR-P3HT_H film 

is as long as 20 nm, which is 4 times longer than that in the 

amorphous RRa-P3HT film.  This large difference would cause 

considerable discrepancy in the LD reported for RR-P3HT 

crystalline films. 

B. Singlet Fission 

Spin conversion from singlet to triplet states is generally 

forbidden because of the transition between different spin 

multiplicities.  Indeed, intersystem crossing from singlet to 

triplet excitons is spin-forbidden and hence it slowly proceeds 

on a time scale of nanoseconds in conjugated polymers with a 

small spin–orbit coupling.  On the other hand, singlet fission 

from one singlet exciton into two triplets is spin-allowed 

because it is in a four-electron system, which consists of singlet 

excited and its neighboring ground states at the initial stage, 

unlike the intersystem crossing in a two-electron system [48–

50].  Indeed, the singlet fission has been reported to proceed so 

promptly that it can compete with radiative and non-radiative 

deactivations of singlet excitons and even with vibrational 

relaxations in a higher excited state [18,23,51–53].  Therefore, 

ultrafast transient absorption spectroscopy is a powerful tool for 

directly detecting prompt triplet generation via singlet fission 

much more rapid than the intersystem crossing.  Note that 

extreme care should be taken in the assignment of triplet 

excitons because it is often difficult to distinguish between 

triplets and polarons from the absorption spectra in the near-IR 

region alone.  An oxygen quenching experiment is useful for 

the assignment of triplets.  However, no oxygen quenching does 

not always rule out a possibility of triplets because it is not 

effective for triplets with a short lifetime or with an energy 

lower than singlet oxygen (~1 eV) [54].  It is highly 

recommended to measure the transient absorption up to the 

mid-IR region when the absorption spectra of triplets and 

polarons are almost the same in the near-IR region.    

Singlet fission is a multiple exciton generation process, as 

mentioned above, and hence has recently attracted much 

attention because it could potentially improve the photovoltaic 

efficiency beyond the Shockley–Queisser limit [55–57].  

Historically, the singlet fission has been found for molecular 

crystals such as anthracene crystals [58].  Recent studies on the 

singlet fission have still focused on molecular acene crystals 

such as pentacene and rubrene.  More than 100% conversion 

efficiency has been reported for organic solar cells based on 

molecular crystals [59].  On the other hand, the singlet fission 

in conjugated polymer films has also been reported by several 

groups [18,23,60–66].  Here, we describe the singlet fission in 

two conjugated polymer films with different film morphologies 

studied by the transient absorption spectroscopy.  One is 

polyfluorene (PFO), which typically forms amorphous films 

but can form β-phase films under certain preparation conditions.  

In the β phase, some extended polymer backbones are 

considered to be aggregated [67].  The other is P3HT, which 

forms amorphous films for RRa-P3HT and crystalline films for 

RR-P3HT, as mentioned above.   

Fig. 6 shows the transient absorption spectra of PFO 

amorphous films.  The absorption spectrum observed 

immediately after the laser excitation is safely ascribed to 

singlet excitons, which exhibits a large peak at 800 nm and 

small shoulders at around 600 and 1000 nm.  These bands decay 

in nanoseconds.  At 3 ns after the excitation, an absorption band 

is observed at 800 nm alone.  This band is ascribed to triplet 

excitons because it is still observed on a time scale of 

microseconds and is quenched under an oxygen atmosphere.  

The time evolution of triplet excitons can be extracted by 

subtracting the normalized transient absorption signal at 1000 

nm from that at 800 nm.  As a result, the decay constant of 

singlet excitons is estimated to be 11 ps, which is the same as 

the rise constant of triplet excitons.  These time constants 

decrease with increasing excitation intensity, suggesting that 

triplet generation results from bimolecular singlet–singlet 

exciton annihilation.  As mentioned above, such prompt triplet 

generation cannot be explained in terms of the spin-forbidden 

intersystem crossing but rather is ascribable to spin-allowed 

singlet fission.  In other words, prompt triplet generation in 

amorphous PFO films is due to singlet–singlet exciton 

annihilation (singlet fusion) followed by singlet fission.  Note 

that triplet generation via the intersystem crossing is negligible 

because of small spin–orbit coupling.  The singlet fission is 

thermodynamically forbidden from the lowest singlet exciton 

but allowed from higher singlet excitons generated by singlet–

TABLE I 

DIFFUSION PARAMETERS OF SINGLET EXCITONS IN P3HT FILMS 

Polymers R / nm D / 10−3 cm2 s−1 LD / nm Dimension 

RR-P3HT_H 3.4 7.9 20 1D 

RR-P3HT_L 3.3 3.3 14 1D 

RRa-P3HT 3.2 0.46 4.8 3D 

RR-P3HT_H: crystallinity = 64% 

RR-P3HT_L: crystallinity = 46% 

RRa-P3HT: crystallinity =0% 

The diffusion length LD is evaluated as DL D
 

 

 
Fig. 6.  Transient absorption spectra of PFO amorphous films measured at 0, 

1, 10, 100, 1000, and 3000 ps after the laser excitation at 400 nm from top to 

bottom [23]. 

600 800 1000 1200

0

10

20

30

40


m

O
D

Wavelength / nm



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

6 

singlet exciton annihilation, because two triplet pairs generated 

via the singlet fission is higher in energy than the lowest singlet 

exciton but lower than higher singlet excitons generated by 

singlet–singlet exciton annihilation.  We therefore conclude 

that the triplet generation in amorphous PFO films is due to 

singlet fusion followed by singlet fission. 

For β-phase PFO films, singlet excitons are promptly 

generated upon the laser excitation and then converted into 

triplet excitons in tens of picoseconds as is the case of PFO 

amorphous films.  At 3 ns after the excitation, two absorption 

bands are observed at 650 and 850 nm, which are ascribed to 

PFO polarons and triplets, respectively.  These two species are 

generated via singlet–singlet exciton annihilation.  In other 

words, prompt triplet generation in β-phase PFO films is also 

due to singlet–singlet exciton annihilation (singlet fusion) 

followed by singlet fission, which is competitive with polaron 

generation.  Consequently, the triplet generation yield in β-

phase PFO films is reduced to 50% compared to that in PFO 

amorphous films.  Note that this triplet is due to triplet pairs 

generated from the singlet fission.  The dissociation into free 

triplets is discussed below. 

For PFO amorphous films, triplet excitons decay with a time 

constant of 1.7 ns, which is too short to be assigned to free 

triplet excitons.  This decay dynamics is independent of the 

excitation intensity, suggesting monomolecular process.  Thus, 

the triplet decay is ascribed to geminate recombination of triplet 

pairs to form a singlet exciton (triplet–triplet exciton 

annihilation).  The remaining constant fraction at 6 ns is 

ascribed to free triplet excitons dissociated from triplet pairs.  

For β-phase PFO films, on the other hand, no triplet decay is 

observed, indicating that all the triplet pairs are dissociated into 

free triplet excitons.  This is probably because the diffusion 

constant of triplet excitons is higher in the β phase than in 

amorphous domains. 

In summary, singlet fusion followed by singlet fission is 

observed both for amorphous and β-phase PFO films.  The 

formation yield of triplet pairs is reduced to 50% in β-phase 

PFO films compared in amorphous PFO films.  This is because 

polarons are competitively generated in β-phase PFO films.  

The dissociation efficiency of triplet pairs is 100% for β-phase 

PFO films but 50% for amorphous PFO films.  The lower 

dissociation efficiency is probably because smaller diffusion 

constant of triplet excitons in amorphous domains.  As a result, 

there is not much difference in the overall singlet fission 

efficiency between amorphous and β-phase PFO films.  For 

RRa-P3HT amorphous films, a similar singlet fusion followed 

by singlet fission is observed.  For crystalline RR-P3HT films, 

on the other hand, no singlet fission is observed even though it 

is energetically as possible as in RRa-P3HT films.  Instead, 

polarons are generated from higher singlet excitons formed by 

singlet–singlet exciton annihilation.  In highly crystalline RR-

P3HT films, there are crystalline and amorphous domains with 

different ionization potentials, which would promote polaron 

generation even in RR-P3HT neat films [68]. 

In conclusion, disordered amorphous domains are beneficial 

for efficient triplet pair generation but suffer from low 

dissociation efficiency of triplet pairs to free triplets.  On the 

other hand, ordered domains such as β phase or crystalline 

phase are beneficial for efficient dissociation of triplet pairs but 

are likely to cause other competitive processes such as polaron 

generation from higher singlet excitons.  We therefore speculate 

that the singlet fission in crystalline polymers would be efficient 

from an exciton as low in energy as possible.  

IV. CHARGE DYNAMICS 

We have studied the charge generation and geminate 

recombination dynamics in a series of polymer/fullerene blend 

films as shown in Fig. 7 by femtosecond transient absorption 

spectroscopy.  Here, we focus on RRa-P3HT/PCBM as a 

representative amorphous blend film and RR-P3HT/PCBM as 

a representative crystalline blend film.  Later, we will 

summarize the charge generation and recombination dynamics 

in terms of crystallinity of conjugated polymers.  We further 

describe the bimolecular recombination dynamics in RR-

P3HT/PCBM blends by microsecond transient absorption 

spectroscopy.  The geminate recombination cannot be 

distinguished from the bimolecular recombination in terms of 

the absorption spectra, because polymer polaron and PCBM 

anion should be observed in either recombination dynamics.  

The geminate recombination is monomolecular decay process 

and hence is independent of the excitation intensity.  On the 

other hand, the bimolecular recombination is bimolecular decay 

process and hence is dependent on the excitation intensity.  

Thus, one can distinguish between geminate and bimolecular 

recombination by analyzing the dependence of the decay 

dynamics on the excitation intensity. 

A. Charge Generation and Geminate Recombination 

In amorphous or less crystalline polymers such as RRa-P3HT 

blended with PCBM, singlet excitons rapidly disappear in a few 

picoseconds after the laser excitation.  At the same time, 

polymer polarons are promptly generated.  For RRa-

P3HT/PCBM blend films, as shown in Fig. 8, the singlet 

exciton band is reduced by half even at 0 ps and completely 

 

Fig. 7.  Chemical structures of conjugated donor polymers with different 

crystallinity and an acceptor fullerene: a) RR-P3HT, b) RRa-P3HT, c) 

PCPDTBT, d) PSBTBT, and e) PCBM. 
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disappears in a picosecond.  This efficient exciton quenching is 

consistent with almost 100% PL quenching of the blend.  A 

similar prompt polaron generation has also been found for low 

or modest crystalline polymer blends such as 

PCPDTBT/PCBM and PSBTBT/PCBM.  The prompt polaron 

generation in a picosecond is indicative of no contribution of 

the exciton diffusion to the charge generation.  These findings 

suggest that polymer and PCBM are well mixed on a molecular 

scale and that polymer crystalline domains are comparable to 

exciton delocalization size. 

In highly crystalline RR-P3HT blended with PCBM, as 

shown in Fig. 9, the singlet exciton band is reduced by half even 

at 0 ps, suggesting prompt polaron generation similar to RRa-

P3HT/PCBM blends.  Interestingly, the singlet exciton band 

decays slowly in tens of picoseconds.  This time constant is 

dependent on the blend ratio or annealing conditions: it 

increases with increasing P3HT domain size.  Thus, the delayed 

polaron generation is ascribed to charge generation following 

after the exciton diffusion to a polymer/fullerene interface in 

large P3HT crystalline domains.  The domain size is roughly 

estimated to be in the order of ~10 nm by using a diffusion 

constant of 8  10−3 cm2 s−1 and a rise time of 30 ps, which is 

consistent with fibril structures observed by TEM images 

[69,70].  In summary, there are two charge generation pathways 

in highly crystalline RR-P3HT blended with PCBM.  One is the 

prompt charge generation at the P3HT/PCBM interface and the 

other is the delayed charge generation following after the 

exciton diffusion to the interface in large crystalline domains.  

At a later time stage up to nanoseconds, charge 

recombination dynamics can be observed.  For amorphous or 

less crystalline polymers such as RRa-P3HT blended with 

PCBM, polymer polarons decay in a nanosecond.  This decay 

dynamics is independent of the excitation intensity and is in 

good agreement with the recovery dynamics of the 

photobleaching in the ground state, suggesting that polymer 

polaron and PCBM anion pairs geminately recombine to the 

ground state.  Furthermore, the decay constant is in good 

agreement with the lifetime of the charge transfer (CT) 

emission of this blend measured by the time-correlated single-

photon-counting method.  We therefore ascribe the decay 

dynamics to the geminate recombination of interfacial CT state 

that is formed by polymer polaron and PCBM anion pairs.  A 

part of polarons remain at a few nanoseconds after the 

excitation, and are still observed on a time scale of 

microseconds.  These long-lived polarons are ascribed to 

dissociated charge carriers.  The dissociation efficiency is as 

low as 30% for RRa-P3HT/PCBM, while it is as high as >90% 

for RR-P3HT/PCBM blends.  As summarized in Table 2, there 

is a good correlation between the charge dissociation efficiency 

and the crystallinity of donor polymers.  We will describe this 

correlation later. 

B. Bimolecular Recombination 

Here, we describe the bimolecular recombination dynamics 

in RR-P3HT/PCBM blend films on a time scale of 

microseconds.  As shown in Fig. 10, two absorption bands are 

observed at around 700 and 1000 nm.  These bands are not 

quenched under oxygen atmosphere and hence ascribed to 

 

TABLE II 

PHOTOVOLTAIC CONVERSION EFFICIENCY OF POLYMER/PCBM SOLAR CELLS 

Polymers Phase ED CT CD L010 / nm d / Å 

RR-P3HT with annealing Highly crystalline 0.91 1 0.93 12 3.8 

RR-P3HT without annealing Modest crystalline 0.95 1 0.8 5.7 3.8 

PSBTBT Less crystalline 1 1 0.75 4.6 3.5 

PCPDTBT with additive Slightly ordered 1 1 0.7 (1.1) (3.8) 

PCPDTBT without additive Less ordered 1 1 0.5 (0.5) (3.9) 

RRa-P3HT Amorphous 1 1 0.3   

Photovoltaic conversion efficiencies are cited from Refs 19, 22, 28, and 71.  
Crystallographic data are taken from Refs 72–76.  The values in parentheses are data for polymer neat films. 

 
Fig. 8.  Transient absorption spectra of RRa-P3HT/PCBM amorphous films 

measured at 0, 0.2, 1, 100, and 3000 ps after the laser excitation at 400 nm 

from top to bottom.  The broken line represents the transient absorption 

spectrum at 0 ps of RRa-P3HT neat films [19].   
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Fig. 9.  Transient absorption spectra of RR-P3HT/PCBM crystalline films 

measured at 0, 1, 10, 100, and 3000 ps after the laser excitation at 400 nm from 

top to bottom.  The broken line represents the transient absorption spectrum at 

0 ps of RR-P3HT neat films [19]. 

1000 1500
0

10

20

30

40

Wavelength / nm


m

O
D



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

8 

polarons.  Interestingly, the band at 700 nm decays faster than 

that at 1000 nm, suggesting that there exist two different 

polarons in the blend.  The decay dynamics is dependent on the 

excitation intensity and is followed by a power law equation (8) 

 

)1(
)( 0

at

n
tn


 . (8) 

 

Such power law equation has been theoretically derived in 

terms of energetic disorders in polymer films.[77,78]  The slope 

 is estimated to be unity for the band at 700 nm and 0.5 for the 
band at 1000 nm, suggesting bimolecular recombination of 

trap-free and trapped polarons, respectively.  

The rate equation of diffusion-limited bimolecular 

recombination is given by (9) 

 

)()(
d

)(d 2 tnt
t

tn
  (9) 

 

where n(t) is the carrier density and (t) is the bimolecular 
recombination rate at a time t.  By substituting (8) into (9), the 

time dependent (t) is obtained as (10) 

 

1

0

)1()(  
 at

n

a
t . (10) 

 

By substituting (8) into (10), the density dependent (n) is 

obtained as (11) 
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Thus, the carrier lifetime 0 at a carrier density of n0 is given by 

(12) 
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By using the kinetic parameters of a and , the bimolecular 

recombination rate can be obtained.  As shown in Fig. 11, it is 

independent of time or carrier density for the band at 700 nm 

and decreases with time and carrier density for the band at 1000 

nm.  The effective activation energy can be evaluated from the 

temperature dependence of (t).  For the polaron band at 700 

nm, the activation energy EA is independent of the carrier 

density, and estimated to be 0.078 eV.  For the polaron band at 

1000 nm, on the other hand, the EA increases with decreasing 

carrier density, and varies from 0.097 to 0.178 eV over the 

carrier density range from 1017 to 1016 cm−3.  We therefore 

ascribe the band at 700 nm to trap-free polarons and the band at 

1000 nm to trapped polarons. 

V. RELEVANCE TO PHOTOVOLTAIC EFFICIENCY 

A. Efficient Charge Generation 

The charge dissociation efficiency has critical impact on the 

photovoltaic performance because it becomes the difference 

between free charge carrier generation and charge 

recombination loss.  As mentioned above, it can be 

quantitatively evaluated by the transient absorption 

spectroscopy.  Table 2 summarizes each photovoltaic 

conversion efficiency in a series of polymer/fullerene blends 

with different crystallinity.  The exciton diffusion efficiency 

ED is unity for amorphous or less crystalline polymers except 

for highly crystalline RR-P3HT.  In such blends with high ED, 

the charge generation is completed in a picosecond, suggesting 

that almost all the excitons encounter with surrounding PCBM 

molecules without exciton diffusion.  These finding indicate 

that, as shown in Fig. 12, polymer and PCBM are intimately 

 
Fig. 10.  Transient absorption spectra of RR-P3HT/PCBM blend films 

measured at 0.5, 1, 2, 5, and 10 s after the laser excitation at 400 nm [30]. 
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Fig. 11.  a) Time-dependent bimolecular recombination rate (t) of the polaron 

band at 700 nm (solid line) and at 1000 nm (broken line).  b) Carrier-density-

dependent bimolecular recombination rate (n) of the polaron band at 700 nm 

(solid line) and at 1000 nm (broken line) [30].  
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mixed in the amorphous phase and that the domain size of less 

crystalline polymers is not large but rather comparable to the 

exciton delocalization size.  On the other hand, as shown in the 

figure, the domain size of highly crystalline RR-P3HT is so 

large that excitons should diffuse to a polymer/fullerene 

interface to convert to charge carriers.  As a result, 10% of the 

excitons are lost before arriving at the interface.  The charge 

transfer efficiency CT is estimated to be unity for all the blend 

films because such prompt charge generation in a picosecond 

can compete kinetically with the other loss processes such as 

geminate recombination and radiative and non-radiative 

deactivations.  Most interestingly, the charge dissociation 

efficiency CD is dependent upon the crystallinity of polymers.  

The CD is as low as 30% for RRa-P3HT/PCBM amorphous 

blend films, increases with increasing crystallinity, and is as 

high as >90% for RR-P3HT/PCBM highly crystalline blend 

films.  This correlation indicates that crystalline polymer 

domains have critical impact on the charge dissociation in 

polymer solar cells.  

The crystalline polymer domains would be beneficial for the 

efficient charge dissociation for the following reasons as 

discussed previously [19,28].  First, the crystalline polymer 

domains would induce charge delocalization and hence extend 

the effective distance between electron and hole pairs, resulting 

in reduced Coulomb interaction.  Recently, Deibel et al. have 

demonstrated that the charge delocalization of polymer 

polarons can enhance the CD effectively by kinetic Monte 

Carlo simulation [79].  As shown in Table 2, the CD is not 

correlated with the π–π stacking distance d, but rather correlated 

with the crystalline size in the π stacking direction L010, 

suggesting that the charge delocalization would be more 

important in the π stacking direction.  More interestingly, the 

CD is highly efficient for crystalline polymers with a 

correlation length of L010 > 4 nm.  This is comparable to the 

effective Coulomb capture radius estimated by taking into 

account the entropy gain associated with changing from a single 

exciton to two separated charges as suggested by Durrant et al. 

[8].  Second, the polymer crystallization would cause higher 

local hole mobility, which also can improve the CD effectively.  

Indeed, the local hole mobility of RR-P3HT has been reported 

to be as high as 0.1–30 cm2 V−1 s−1 by time-resolved THz 

spectroscopy [80–82].  Recently, McGehee et al. have 

demonstrated that highly efficient charge dissociation can be 

explained by using a locally high charge mobility and an 

energetic cascade in a three-phase bulk heterojunction in 

polymer/fullerene solar cells [82].  In such a three-phase bulk 

heterojunction, hole polarons would transfer from disordered 

amorphous phase mixed with PCBM to more stable ordered 

crystalline phase.  We have found such hole transfer for 

crystalline polymer/fullerene blends such as RR-P3HT/PCBM 

and PSBTBT/PCBM [19,28].  Third, the polymer 

crystallization would expel PCBM molecules from crystalline 

to amorphous domains, resulting in formation of PCBM 

clusters.  Recent studies have suggested that PCBM clusters 

also have critical impact on the charge dissociation [83–86].  As 

is the case with the hole delocalization, PCBM clusters would 

induce electron delocalization and hence extend the effective 

distance between electron and hole pairs, resulting in reduced 

Coulomb interaction.  Similarly to the hole transfer from 

disordered to crystalline polymer domains, electrons would 

transfer from PCBM dispersed in disordered polymer domains 

to more stable aggregated PCBM cluster domains [83]. 

B. Long-Lived Charge Carriers 

The dissociated charge carriers should be collected to each 

electrode before recombining bimolecularly for efficient 

photovoltaic performance.  In other words, the charge carrier 

lifetime should be longer than the charge collection time.  For 

RR-P3HT/PCBM blend films, as mentioned before, the 

bimolecular recombination rate is estimated to be less than 

~10−12 cm3 s−1 from the power-law decay analysis for transient 

absorption measurements under open-circuit conditions.  On 

the other hand, the Langevin recombination rate is given by L 

= q/εε0 where ε is the dielectric constant of the active layer, ε0 

is the vacuum permittivity, and q is the elementary charge.  

Assuming  = 10−4 cm2 V−1 s−1, L is estimated to be ~10−10 cm2 

V−1 s−1.  This is more than two orders of magnitude faster than 

the observed one.  On the other hand, the carrier lifetime 0 is 

evaluated to be longer than 10 s at a carrier density of 1016–

1017 cm−3, which is a typical carrier density under open-circuit 

condition at the 1 sun illumination.  Note that the 0 is not 

obtained at a steady state like device operation conditions.  

More correctly, therefore, it is necessary to evaluate the carrier 

lifetime by quasi-steady-state methods such as transient 

photovoltage (TPV) and photocurrent (TPC) measurements.  

For RR-P3HT/PCBM, the 0 is in good agreement with that 

 
Fig. 12.  Blend morphology a) in amorphous polymer films blended with 

PCBM like RRa-P3HT/PCBM and b) in crystalline polymer films blended 

with PCBM like RR-P3HT/PCBM.  c) There are three characteristic phases in 

crystalline polymer/fullerene blends: crystalline polymer domains, disordered 

polymer domains mixed with PCBM molecules, and PCBM aggregate 

domains. 
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evaluated by the TPV/TPC measurements [87].  Under the 

short-circuit condition, on the other hand, the charge collection 

time CC is roughly estimated as a transit time: CC = L2/2Vb 

where L is the active layer thickness,  is the carrier mobility, 

and Vb is the build-in potential in the active layer.  The carrier 

density is estimated by nSC = JSCCC/qLCD.  For typical cases, 

CC and nSC are estimated to be <1 s and 1015 cm−3, respectively, 

assuming that JSC = 10 mA cm−2, L = 100 nm,  = 10−4 cm2 V−1 

s−1, and Vb ≈ VOC ≈ 1 V.  For RR-P3HT/PCBM blends, therefore, 

the carrier lifetime SC is estimated to be >10 s, which is at 

least one order of magnitude longer than the charge collection 

time CC.  This is the origin of highly efficient charge collection 

in RR-P3HT/PCBM solar cells even with a thick active layer 

(~200 nm).  If the bimolecular recombination obeys the 

Langevin recombination, the carrier lifetime L is estimated be 

<1 s, which is comparable to the charge collection time.  In 

other words, the efficient charge collection in RR-P3HT/PCBM 

blends originates from the reduced recombination.   

The long-lived charge carriers due to the reduced 

recombination dynamics is the key to the efficient charge 

collection.  Currently, several explanations have been proposed 

[16,88,89].  One possible explanation is that the recombination 

is not diffusion-limited because of highly efficient charge 

dissociation as described above.[22]  For such non-diffusion-

limited recombination, the apparent recombination rate a is 

given by (13) 

 

LL

recdis

rec
a )1( CD  




kk

k  (13) 

 

where krec is the recombination rate and kdis is the dissociation 

rate.  For RR-P3HT/PCBM blends, as mentioned before, the 

CD is as high as >0.95 and hence the a would be reduced by a 

factor of <0.05.  In crystalline domains, polymer polarons are 

promptly generated within a laser pulse duration (<100 fs) and 

the geminate recombination is negligible up to a few 

nanoseconds.  In other words, the dissociation rate kdis is as fast 

as >(100 fs)−1 ≈ 1013 s−1 while the recombination rate krec is as 

slow as <(1 ns)−1 ≈ 109 s−1.  Thus, the a would be reduced by a 

factor of <10−4.  We note that this model is based on an 

assumption that the CT state photogenerated is the same as that 

generated via the charge recombination although the former CT 

state might be energetically higher than the latter CT state.  In 

addition, the three-phase bulk heterojunction structure 

mentioned above would suppress the charge recombination 

effectively because electrons and holes are energetically likely 

to remain at the P3HT crystalline phase and the PCBM 

aggregate phase, respectively, rather than in disordered mixed 

phases [90].  Further study is needed to solve this important 

issue.  
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