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ABSTRACT  

The charge generation and recombination dynamics in fullerene-attached poly(3-hexythiophene) 

(P3HT)-based diblock copolymer were studied in comparison with those in blend films of P3HT 

and a fullerene derivative (PCBM) in order to understand the potential advantage of diblock 

copolymer-based polymer solar cells.  Upon photoexcitation, P3HT singlet excitons are promptly 

converted to P3HT polarons with a time constant of ~30 ps in both P3HT-PCBM diblock 

copolymer and P3HT/PCBM blend films.  This similar charge generation dynamics are 

indicative of analogous phase-separated morphology both in these films on a scale of nanometers.  

After the charge generation, a part of polarons in disorder phases geminately recombine to the 

ground state in diblock copolymer films while no geminate recombination is observed in blend 

films.  This geminate recombination loss is probably due to defects of phase-separated structures 

in diblock copolymer films.  On the other hand, charge carrier lifetime is as long as 15 μs in 

diblock copolymer films.  Such a long carrier lifetime may result in relatively high fill factor in 

P3HT-PCBM copolymer films.  Finally, we discuss the overall device performance in terms of 

phase-separated structures. 

Keywords: Charge Carrier Dynamics, Fullerene-Attached Diblock Copolymer, Polymer Solar 

Cells, Organic Electronics 
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1. Introduction 

 

Polymer/fullerene solar cells have been intensively studied and have made rapid progress in 

the last decade.  As a result, a power conversion efficiency (PCE) of more than 10% is reported 

by several groups.[1,2]  Bulk heterojunction blend structures are one of the keys to success in 

polymer/fullerene solar cells.[3]  In the optimized devices, bulk heterojunction structures would 

provide large interface area of heterojunction to generate free charge carriers efficiently and 

bicontinuous blend morphology to transport charge carriers to each electrode efficiently at the 

same time.  In general, however, it is difficult to obtain such optimized phase-separated blend 

morphology spontaneously.  In order to design such optimized phase-separated structures, 

donor–acceptor diblock copolymer-based polymer solar cells have been proposed because of its 

unique microphase-separated structures such as cylinder, lamella, and gyroid.  For example, 

fullerene-attached block copolymers have been reported even in the early 2000s.[4–8]  

Alternatively, some block copolymers have been incorporated with a different acceptor moiety 

such as perylene bisimide or benzothiadiazole units instead of fullerenes.[9–12]  However, most of 

block copolymer-based polymer solar cells exhibit unclear microphase-separated structures and 

hence poor device performances, which do not exceed that of the counterpart bulk heterojunction 

blend solar cells.  Furthermore, little is known about photophysics and charge carrier dynamics 

in block copolymer films.  Thus, it is difficult to discuss the advantages and disadvantages of 

diblock copolymer structures.  Very recently, it has been reported that polymer solar cells based 

on fullerene-attached poly(3-hexylthiophene) diblock copolymers (P3HT-PCBM) exhibit clear 

microphase-separated structures and efficient photovoltaic performance, which is comparable to 
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that based on blends of poly(3-hexythiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) (Figures 1a and 1b).[13,14]    

 

 

Figure 1.  Chemical structures of a) P3HT, b) PCBM, and c) P3HT-PCBM (m : n = 89 : 11) 

employed in this study.  

 

 Herein, we study the charge generation and recombination dynamics in P3HT-PCBM 

copolymer films (Figure 1c) by transient absorption spectroscopy in order to understand the 

potential advantage of diblock copolymer-based polymer solar cells.  As reported previously,[14] 

this P3HT-PCBM copolymer solar cell exhibits efficient device performance: JSC = 8.1 mA cm−2, 

VOC = 0.48 V, FF = 0.63, and PCE = 2.5 %.   Of particular importance is that JSC and FF are 

remarkably higher than those of diblock copolymer-based polymer solar cells previously 

reported but rather comparable to those of P3HT/PCBM blend solar cells.  These device 

performances are indicative of efficient charge generation and transport even in P3HT-PCBM 

diblock copolymer films.  Compared with the charge generation and recombination dynamics in 
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P3HT/PCBM blends, we discuss the design rule for further improvement in the device 

performance of P3HT-PCBM diblock copolymer-based polymer solar cells. 



 

7 

2. Experimental 

 

The P3HT-PCBM diblock copolymer was synthesized as reported previously.[13,14]  Note that 

the device performance of this copolymer is summarized in the Supporting Information.[14]  The 

copolymer films were fabricated by spin-coating on quartz substrates from a chlorobenzene 

solution of P3HT-PCBM.  The quartz substrates were preliminarily treated with a UV–O3 

cleaner (Nippon Laser & Electronics, NL-UV253S) for 30 min.  These films fabricated were 

annealed in an N2-filled glove box at 180 °C for 180 min.  For comparison, blend films were 

fabricated by spin-coating on the quartz substrates from a chlorobenzene solution of P3HT 

(Aldrich) and PCBM (Frontier Carbon, 99.9%) with a weight ratio of 1.0 : 0.6, which is the same 

as that of P3HT-PCBM copolymer films.  The blend films were annealed in an N2-filled glove 

box at 130 °C for 40 min.  The film thickness was 70 nm.  Absorption and fluorescence spectra 

of these films were measured with a UV–visible–near-IR spectrophotometer (Hitachi, U-3500) 

and a spectrofluorometer (Hitachi, F-4500), respectively.  Transient absorption of these sample 

films was measured in nitrogen atmosphere over the time range from picosecond to microsecond 

with two laser systems, which have been described in the Supporting Information.[15–18] 
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3. Results and Discussion 
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Figure 2.  Absorption spectra of a) P3HT/PCBM blend and b) P3HT-PCBM copolymer films 

(open circles).  The absorption spectra observed are resolved into the absorption of PCBM (black 

broken lines) and P3HT (blue solid lines).  The absorption of crystalline P3HT is also estimated 

by the weakly interacting H-aggregate model as shown by the gray broken lines.  c) Fluorescence 

spectra of P3HT neat (black), P3HT/PCBM blend films (red) and P3HT-PCBM copolymer 

(green) excited at 400 nm. 

 

First, we measured the absorption and fluorescence spectra of P3HT/PCBM blend and P3HT-

PCBM copolymer films to discuss the blend morphology.  As shown in Figures 2a and 2b, 
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vibrational absorption shoulders observed at around 500 – 650 nm can be analyzed by a weakly 

interacting H-aggregate model[19] (the broken gray lines in the figure) and hence are ascribed to 

π–π stacking due to P3HT crystallization.  The remaining absorption at around 450 nm is mainly 

ascribed to P3HT amorphous domains.  From the absorption ratio between the crystalline and 

amorphous region, the degree of crystallinity χC can be estimated by the following equation: 

χC = ε460/ε600 A600/(ε460/ε600 A600 + A460)     (1)  

where A460 and A600 are the absorbance at 460 (amorphous) and 600 nm (crystalline), and ε460/ε600 

(= 0.719) is the extinction coefficient ratio between the amorphous and crystalline P3HT.[19]  As 

a result, the degree of P3HT crystallinity χC is estimated to be 36% (P3HT/PCBM) and 46% 

(P3HT-PCBM).  On the other hand, as shown in Figure 2c, the fluorescences of these blend and 

copolymer films were quenched compared to that of a P3HT neat film.  The quenching 

efficiency Φq was estimated to be 83% (P3HT/PCBM) and 81% (P3HT-PCBM) as summarized 

in Table 1 considering the excitation fraction of P3HT in the films upon the excitation at 400 nm.  

These results are indicative of the similar blend morphology both in P3HT/PCBM blend and 

P3HT-PCBM copolymer films. 

 

 

Table 1.  The degree of crystallinity χC, fluorescence quenching yield Φq, and charge carrier 

lifetime τC of blend and diblock copolymer films. 

 χC / % Φq / % τC / μs 

Blend 36 83 9 

Block 46 81 15 
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Figure 3.  Transient absorption spectra of a) P3HT/PCBM blend and b) P3HT-PCBM copolymer 

films 0 ps (black), 10 ps (red), 50 ps (blue), 100 ps (green) after the later excitation at 400 nm.  

The fluence was set to 5 μJ cm−2.  The broken lines show the baseline.  c) The transient 

absorption spectra of P3HT/PCBM blend (black) and P3HT-PCBM copolymer films (red) 

measured at 3 ns.  The transient signals were corrected for variation in the absorption at the 

excitation wavelength. 
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Figure 4.  The time evolution of transient absorption signals of singlet excitons (black circles) 

and polarons (red circles) of a) P3HT/PCBM blend and b) P3HT-PCBM copolymer films after 

the laser excitation at 400 nm with a fluence of 5 μJ cm−2.  The gray broken lines show the fitting 

lines by Eqs. 3 and 4. 

 

 Next, we measured the transient absorption spectra of P3HT/PCBM blend and P3HT-

PCBM copolymer films to discuss the charge generation dynamics as shown in Figures 3a and 

3b.  Here, we focus on the charge generation dynamics upon the excitation at 400 nm.  Note that 

the charge generation dynamics upon the excitation at 500 nm cannot be discussed in details 

because more than half of excitons are deactivated to the ground state through singlet–singlet 

exciton annihilation (see the Supporting Information).[15]  Immediately after the laser excitation a 

large absorption band was observed at around 1200 nm for both films, which is safely ascribed to 

the P3HT singlet exciton as reported previously.[15,16]  This band disappeared in tens of 

picoseconds and instead broad absorption bands were observed over 650 – 1100 nm.  These 

bands are ascribed to P3HT polarons as reported previously.[15,16]  Note that PCBM radical 
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anions are not observed because of its low extinction coefficient.[17]  The negative signals 

observed over 480 – 610 nm are ascribed to the ground-state photobleaching, which is indicative 

of the generation of photoexcitations such as excitons and charge carriers to reduce the ground-

state population.  On the other hand, the charge generation from PCBM singlet excitons would 

be highly efficient as reported previously.[20]  As shown in Figures 4a and 4b, the decay 

dynamics of exciton signals is monitored at 1200 nm and the rise dynamics of polaron signals is 

extracted by the following relationship: 

ΔODpolaron = ΔOD1000 – ε1000/ε1200 ΔOD1200     (2)  

where ε1000/ε1200 (=0.506) is the ratio of extinction coefficients of the singlet exciton at 1000 and 

1200 nm, which is estimated from the transient absorption spectra of singlet excitons in a P3HT 

neat film (see the Supporting Information).  Note that spectral evolution of singlet excitons has 

negligible effect on this analysis.  These transient signals are fitted by multi-exponential 

functions as follows: 

ΔODsinglet = A1 exp(−t/τ1) + A2 exp(−t/τ2) + A3 exp(−t/τf)    (3)  

ΔODpolaron = B1 {1 − exp(−t/τ3)} + B2 {1 − exp(−t/τ4)} + B3   (4)  

where τ1 to τ4 are rise and decay time constants, and τf is the fluorescence lifetime of P3HT (330 

ps from TCSPC measurement in an N2 atmosphere).  As a result, almost the same time constants 

(~2 ps and ~30 ps) are found in the rise and decay dynamics for both films.  As discussed 

previously, we assigned the shorter time constant and the constant fraction to the prompt charge 

generation at disordered domains where P3HT and PCBM are intermixed or at the interface of 

P3HT and PCBM domains, and the longer time constant to the delayed charge generation 
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following after the exciton diffusion into the interface.  These similar charge generation 

dynamics are again indicative of analogous blend morphology both in P3HT/PCBM blend and 

P3HT-PCBM copolymer films on a scale of nanometers.  This is fully consistent with the similar 

absorption and fluorescence quenching mentioned above.  On a time scale of nanoseconds, 

singlet excitons completely disappeared and instead only P3HT polarons were observed.  Thus, 

the polaron band at 3 ns is a good measure of the generation yield of free charge carriers 

escaping from geminate recombination.  As shown in Figure 3c, the charge generation yield is 

smaller by 35% in P3HT-PCBM copolymer films than in P3HT/PCBM blend upon the excitation 

of P3HT amorphous domains (at 400 nm)  On the other hand, such charge generation loss is 

negligible upon the excitation of P3HT crystalline domains (at 500 nm) (see the Supporting 

Information).  Therefore, we conclude that the overall generation loss is 20% at most considering 

the crystallinity of the films (~40%).  This is consistent with the device performance previously 

reported: the EQE and absorption spectra suggest that the charge generation efficiency in P3HT-

PCBM is almost the same at around 500–650 nm but slightly lower at around <450 nm 

compared to that in P3HT/PCBM.[14] 
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Figure 5.  Transient absorption decay in a) P3HT/PCBM blend and b) P3HT-PCBM copolymer 

films probed at 480 (red triangles) and 610 nm (black circles) after the laser excitation at 400 nm 

with a fluence of 5 μJ cm−2.  The gray broken lines show the fitting lines by exponential 

functions. 

 

 In order to address the origin of the charge generation loss, we focus on the dynamics of 

the photobleaching signals.  At 100 ps after the laser excitation, as shown in Figure 3, the P3HT 

singlet exciton band completely disappears and instead only P3HT polaron bands are observed.  

Therefore, the photobleaching signals at this time stage are safely ascribed to P3HT polarons 

alone and hence, as mentioned above, the photobleaching signal at 480 nm is ascribed to 

polarons in disordered amorphous domains and that at 610 nm is ascribed to polarons in ordered 

crystalline domains.  As shown in the figure, the photobleaching signal at 480 nm recovered 

while that at 610 nm was rather enhanced with time, suggesting that polaron dynamics is 

dependent on the blend morphology.  Figures 5a and 5b show the time evolution of the polaron 
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dynamics observed at 480 (amorphous phase) and 610 nm (crystalline phase).  The time 

evolution is fitted by multi-exponential functions  

ΔOD600 = C1 [1 − exp(−t/τcry)] + C2     (5)  

ΔOD480 = D1 exp(−t/τa1) + D2 exp(−t/τa2) + D3     (6)  

with parameters summarized in the Supporting Information.  For P3HT/PCBM blend film, the 

polaron dynamics at 480 nm is fitted by the sum of an exponential decay function with a time 

constant of τ = 300 ps (41%) and a constant fraction (59%).  The polaron dynamics at 610 nm is 

also fitted by the sum of an exponential rise function with the same parameters: a time constant 

of τ = 300 ps (40%) and a constant fraction (60%).  We therefore conclude that this spectral shift 

is attributed to the hole transfer from amorphous to crystalline P3HT domains with a time 

constant of τ = 300 ps.  This is consistent with our previous report,[16] in which a similar hole 

transport is observed for P3HT/PCBM blends.  For P3HT-PCBM copolymer films, on the other 

hand, the polaron dynamics at 480 nm is fitted by the sum of two exponential decay functions 

with time constants of τ = 300 ps (22%) and τ = 31 ps (36%) and a constant fraction (42%).  The 

polaron dynamics at 610 nm is fitted by the sum of an exponential rise function with a time 

constant of τ = 300 ps (29%) and a constant fraction (71%).  We therefore ascribe the common 

time constant τ = 300 ps to the hole transfer from amorphous to crystalline P3HT domains as is 

the case with P3HT/PCBM blend films.  On the other hand, the decay constant of τ = 31 ps 

suggests that there is another decay pathway to the ground state because no corresponding rise 

fraction is found in the polaron band at 610 nm.  This decay cannot be ascribed to decay of P3HT 

singlet excitons because no corresponding decay fraction is found in the singlet exciton band of 

P3HT neat films.  Rather, this decay fraction (36%) is in good agreement with the reduction in 
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the charge carrier yield compared to that of blend film (35%) as mentioned above.  We therefore 

conclude that this additional decay is ascribed to the geminate recombination of P3HT polarons 

and PCBM radical anions in amorphous domains.  Note that this rapid geminate recombination 

(~30 ps) is much faster than that observed for the interfacial CT state isolated in RRa-

P3HT/PCBM blends reported previously (~0.8 ns).[16]  Rather, a similar geminate recombination 

with a time constant of 30 ps has been reported for micelle structures in films of P3HT 

terminated at one end by a fullerene.[21]  Thus, we speculate that this rapid geminate 

recombination also results from such micelle-like structures formed as defects of microphase-

separated structures in P3HT-PCBM copolymer films.  Furthermore, this rapid decay fraction is 

in good agreement with the reduction in the polaron generation at 3 ns.  We therefore conclude 

that the rapid recombination results in the reduced polaron yield.  In contrast, no geminate 

recombination was observed for P3HT/PCBM blend films.  This is consistent with our previous 

report.[16]   
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Figure 6.  Microsecond transient absorption decay in P3HT/PCBM blend (black) and P3HT-

PCBM copolymer films (red) probed at 1000 nm after the laser excitation at 500 nm with a 
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fluence of 0.3 μJ cm−2 under continuous white light bias with 100 mW cm−2.  The gray broken 

lines show the fitting lines by the pseudo-first-order kinetics Δn(t) = n0 exp(−t/τC) with a time 

constant τC of 9 (P3HT/PCBM) and 15 μs (P3HT-PCBM), respectively. 

 

 We now move onto the charge carrier dynamics on a time scale of microseconds under 

continuous white light bias of 100 mW cm−2.  Here we roughly estimate the charge carrier 

lifetime τC from the pseudo-first order recombination of laser-induced charge carriers as reported 

previously.[18,22,23]  Figure 6 shows the microsecond transient absorption decay with continuous 

white light bias.  The charge carrier lifetime τC can be roughly estimated from the pseudo-first 

order recombination dynamics of laser-induced charge carriers as reported previously.[18]  As a 

result, τC is estimated to be 9 μs (P3HT/PCBM blend films) and 15 μs (P3HT-PCBM copolymer 

films).  Note that the charge carrier lifetime is longer in the copolymer film than in the blend film 

even without the white light bias (see the Supporting Information).[24,25]  Such longer carrier 

lifetime suggests that P3HT domains are well segregated from PCBM domains because of 

microphase-separated structures in the copolymer film.  Indeed, lamellar-like phase-separated 

domains with a periodic structure of ~10 nm have been reported for the P3HT-PCBM copolymer 

films previously.[13]  Furthermore, the longer lifetime indicates that the micelle-like defects as 

mentioned above do not serve as bimolecular recombination centers though they serve as 

geminate recombination centers.  This is probably because electron of PCBM radical anions 

cannot transfer to isolated PCBM domains in the micelle structure because of the surrounding 

P3HT chains.  In other words, the bimolecular recombination is effectively suppressed by 

microphase-separated structures but independent of the micelle-like defects in P3HT-PCBM 

copolymer films.   
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 Finally, we summarize the relevance of the charge generation and recombination 

dynamics studied here to the overall device performance.  In the charge generation, 35% of 

P3HT polarons in disordered domains geminately recombine to the ground state with a time 

constant of 31 ps in P3HT-PCBM copolymer films while no geminate recombination is observed 

in P3HT/PCBM blend films.  This geminate recombination loss is probably due to micelle-like 

defects in microphase-separated structures.  On the other hand, the charge carrier lifetime on a 

time scale of microseconds is longer in P3HT-PCBM copolymer films than in P3HT/PCBM 

blend films.  This is probably because clear phase-separated morphology in diblock copolymer 

films would reduce bimolecular recombination.  The longer carrier lifetime is desirable for the 

efficient charge collection in the device, because the charge mobility is likely to be similar or 

higher in P3HT-PCBM than in P3HT/PCBM considering the higher crystallinity of P3HT-

PCBM copolymer films.  Such longer charge carrier lifetime and high mobility may be the origin 

of the high fill factor even in diblock copolymer-based solar cells.  Therefore, the key to success 

for diblock copolymer-based solar cells is to suppress micelle-like defects that would cause 

geminate recombination loss. 
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4. Conclusion 

 

We studied the charge generation and recombination dynamics in P3HT-PCBM copolymer 

films by transient absorption spectroscopy in order to understand the potential advantage of 

diblock copolymer-based polymer solar cells.  In the charge generation, 35% of P3HT polarons 

in disordered domains geminately recombine to the ground state in P3HT-PCBM copolymer 

films while no geminate recombination is observed in P3HT/PCBM blend films.  This geminate 

recombination loss is probably due to micelle-like defects in microphase-separated structures.  In 

contrast, such charge generation loss is negligible upon the excitation of P3HT crystalline 

domains (at 500 nm).  We therefore conclude that the overall generation loss is 20% at most 

considering the crystallinity of the films (~40%).  On the other hand, the charge carrier lifetime 

is longer in P3HT-PCBM copolymer films than in P3HT/PCBM blend films.  Such a longer 

carrier lifetime is desirable for the efficient charge collection in the device.  As a result, the 

overall device performance would be comparable between the two polymer solar cells.  We 

therefore conclude that diblock copolymer-based solar cells have potential advantage to exceed 

bulk heterojunction blend solar cells.  The key to success for diblock copolymer-based solar cells 

is to suppress micelle-like defects that would cause geminate recombination loss. 
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