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ABSTRACT  

The charge generation and recombination dynamics in amorphous blend films of poly[2,7-(9,9-

dioctylfluorene)-alt-5,5-(5’,8’-di-2-thienyl-2’,3’-diphenylquinoxaline)] (N-P7) and [6,6]-phenyl-

C61-butyric acid methyl ester (PCBM) were comprehensively studied in order to address the 

origin of the relatively high performance for amorphous polymer-based solar cells.  Upon 

photoexcitation, N-P7 singlet excitons are promptly converted to the interfacial charge transfer 

(CT) state, which is a coulombically bound pair of the N-P7 polaron and PCBM radical anion, 

with 100% efficiency in a picosecond.  More than half of the N-P7 polarons in the CT state are 

dissociated into free carriers and the rest of them recombine to the ground state in a nanosecond.  

The dissociation efficiency ηCD is estimated to be 0.65 under the open-circuit condition and is 

slightly enhanced up to 0.7 – 0.8 under the short-circuit condition.  Such highly efficient 

dissociation is well explained by considering charge delocalization.  The charge collection 

efficiency ηCC is as high as >0.9 in the thin device but decreases to <0.8 in the thick device, 

suggesting that bimolecular recombination loss is not negligible in the thick device.  Furthermore, 

the origin of the efficient device performance is discussed in terms of the field dependence and 

the charge delocalization. 

Keywords: Charge Transfer State, Charge Delocalization, Fluorene-Based Copolymer, Fullerene, 

Polymer Solar Cells 
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1. Introduction 

Polymer/fullerene solar cells have made remarkable progress in recent years.1–4  Currently, the 

power conversion efficiency (PCE) has exceeded 10%.5  This is due largely to intensive 

developments in various conjugated polymers.  There are two synthetic strategies for the 

developments of conjugated polymers for improving the device performance of polymer solar 

cells.  One is to expand the light-harvesting wavelength region in order to increase the short-

circuit current density (JSC).6–12  The other is to increase the ionization potential of donor 

polymers in order to obtain a larger open-circuit voltage (VOC).13–16  As such, various fluorene-

based copolymers have been developed because their optoelectronic properties can be finely 

tuned by chemical modifications and copolymerization with various units.17–20  Some amorphous 

fluorene-based copolymers have ionization potentials larger than a benchmark polymer of 

crystalline regioregular poly(3-hexylthiophene) (RR-P3HT), which exhibits a modest VOC of 

~0.6 V.  For example, a polymer solar cell based on a blend of an amorphous fluorene-based 

copolymer of poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(5’,8’-di-2-thienyl-2’,3’-

diphenylquinoxaline)] (N-P7) and a C70 fullerene derivative ([70]PCBM) shows a larger VOC of 

0.99 V and a comparable JSC of 10 mA cm−2, and hence a higher PCE of 5.5%13,14 than those of 

the polymer solar cells based on RR-P3HT and [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM).12,21,22 

The photovoltaic performance is critically dependent on whether conjugated polymers 

employed are crystalline or amorphous.  For example, the device performance is much higher for 

crystalline blends of RR-P3HT and PCBM than for amorphous blends of regiorandom P3HT 

(RRa-P3HT) and PCBM.  Our recent studies have shown that the charge dissociation efficiency 

is more than 0.9 for RR-P3HT/PCBM but is as low as 0.3 for RRa-P3HT/PCBM.23  Furthermore, 

crystalline conjugated polymers generally exhibit high charge mobility, which is beneficial for 
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the efficient charge collection.  As such, various crystalline conjugated polymers have been 

intensively developed to improve the device performance of polymer solar cells recently.4,24–26  

On the other hand, as mentioned above, several amorphous polymers also exhibit relatively 

efficient photovoltaic performance.6,13–15,27  However, the photovoltaic conversion mechanism in 

blend films of such efficient amorphous polymers and PCBM is not fully understood.   

Herein, we study the charge generation, recombination, and collection dynamics in N-

P7/PCBM amorphous blends by transient absorption and device characteristics measurements, 

and thereby evaluate all the photovoltaic efficiencies of the exciton diffusion to a donor/acceptor 

interface, the charge transfer at the interface, the charge dissociation into free carriers at the 

interface, and the charge collection to electrodes quantitatively.  As a result, we found that the 

geminate recombination is one of the primary loss processes in the device performance and the 

bimolecular recombination is additional loss process in the thick device.  Furthermore, we 

discuss the charge dissociation efficiency in terms of the field dependence and the charge 

delocalization on the basis of the Onsager–Braun model.28 

 

 

2. Experimental 

For the device fabrication, indium/tin oxide (ITO)-coated glass substrates (10 Ω per square) 

were washed by ultrasonication in toluene, acetone, and ethanol for 15 min, dried with N2, and 

then cleaned with a UV–O3 cleaner (Nippon Laser & Electronics NL-UV253S) for 30 min.  A 

thin layer (~40 nm) of poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS; 

H. C. Starck, PH500) was spin-coated on the cleaned substrates at a spin rate of 3000 rpm, and 

the layer was dried at 140 °C for 10 min in air.  The solution of PEDOT:PSS was filtered using a 

0.45-μm PTFE syringe filter prior to the spin coating.  Blend layers of N-P7/PCBM (1:4 by 
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weight) were spin-coated from chlorobenzene solution.  The N-P7 (Mn = 15600, Mw/Mn = 2.03) 

was synthesized according to a previously reported method13,14 and [60]PCBM (99.9%) was 

purchased from Frontier Carbon, both of which were used without further purification.  The 

thicknesses of active layers were estimated by AFM measurement (Shimadzu, SPM-9600) for 

blend films fabricated by the similar method on bare glass substrates.  Finally, Al (70 nm) was 

thermally deposited on top of the active layer at 2.5 × 10−4 Pa. 

For spectroscopic measurements, blend films of N-P7 and PCBM were fabricated by spin-

coating on a bare glass substrate.  An UV–visible–Near-IR spectrophotometer (Hitachi, U-4100) 

and a spectrofluorometer (Horiba, NanoLog) were used for the absorption and fluorescence 

measurements, respectively.  For the fluorescence lifetime measurement, a spectrofluorometer 

(Horiba, FluoroCube) equipped with a TCSPC unit (Horiba, FluoroHub) and a liquid-nitrogen-

cooled photomultiplier tube (Hamamatsu Photonics, R5509-73) were used.  For transient 

absorption measurements, blend films of N-P7 and PCBM were fabricated by spin-coating on a 

glass substrate.  The transient absorption measurements were performed for these sample films 

over the time range from picosecond to microsecond in nitrogen atmosphere.  The apparatus 

employed here has been described elsewhere.12,23  For the white bias light source, a 150W-Xe 

lamp (Kenko Tokina, XEF-152S) was used.   

 

 

3. Results 

 

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

---<<  Table 1  >>--- 
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Figure 1a shows the J–V characteristics of N-P7/PCBM solar cells in the dark and under the 

simulated solar illumination at 100 mW cm−2.  The short-circuit current density (JSC) increased 

with increasing thickness of the active layer: 5.1 (90 nm), 6.3 (140 nm), and 7.3 mA cm−2 (220 

nm).  This is ascribed to the increase in the photon absorption efficiency as will be described 

below.  Note that these JSC are smaller than previously reported values13,14 because [60]PCBM is 

employed instead of [70]PCBM for simplicity in the transient absorption analysis.  The open-

circuit voltage (VOC) also increased slightly with increasing thickness of the active layer, which 

is ascribed to the increase in JSC (see the Supporting Information).  The fill factor (FF) decreased 

with increasing thickness of the active layer, suggesting poorer charge collection in thicker 

devices.  These device parameters are summarized in Table 1.  As shown in Figure 1b, the EQE 

spectra of the N-P7/PCBM solar cells were dependent on the thickness of the active layer.  The 

hole mobility and surface topography of these devices were independent of the film thickness 

(see the Supporting Information), indicating that phase-separated structures are independent of 

the film thickness.  Rather, as shown in Figure 1c, a similar thickness dependence was observed 

for the absorption spectra of these device measured by reflection mode at an incident angle of 5° 

normal to the substrate.  Here, the photon absorption efficiency ηA(λ) is defined as ηA(λ) = 1 − 

R(λ) where R(λ) is the reflectance of the device at a wavelength λ.  Thus, the thickness 

dependence is probably due to the optical interference in the solar cells.  The absorption band at 

around 400 – 500 nm is ascribed to N-P7 because PCBM has no distinct absorption band in the 

visible region, suggesting that the photon absorption is mainly due to N-P7.  As shown in the 

figure, the EQE and photon absorption efficiency ηA at 400 nm are estimated to be 0.25 and 0.35 

(90 nm), 0.50 and 0.80 (140 nm), and 0.50 and 0.85 (220 nm), respectively.  The slight 

difference between the EQE and ηA spectra is probably due to the different incident angles.  We 

note that the absorption spectrum of an N-P7 neat film is the same as that of N-P7 in a toluene 
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solution (see the Supporting Information).  Furthermore, the device performance is higher for the 

device without thermal annealing as reported previously.13,14  These are indicative of amorphous 

nature of N-P7.  

 

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

 

Figure 2a shows the photoluminescence (PL) spectra of N-P7 and PCBM neat films and N-

P7/PCBM blend films.  As shown in the figure, N-P7 and PCBM neat films exhibited 

fluorescence bands at 680 and 720 nm, respectively.  These two PL bands were completely 

quenched in N-P7/PCBM blend films independently of the film thickness.  Instead, a red-shifted 

PL band was observed at around 850 – 950 nm, which is similar to the emission from interfacial 

charge transfer (CT) state reported previously for blend films of fluorene-based copolymer and 

PCBM.29,30  As shown in Figure 2b, the red-shifted PL band decayed with a lifetime of 2.2 ns, 

which is again comparable to that of the CT emission reported previously.29  We therefore 

ascribe the PL band at 950 nm to interfacial CT state formed at N-P7/PCBM heterojunction.   

 

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

 

Figure 3 shows the normalized transient absorption spectra of N-P7/PCBM blend films.  Only 

the absorption spectrum at <0.1 ps was different from the other spectra after a few picoseconds; 

there was a spectral difference over 900 to 1300 nm.  At this wavelength region, the absorption 

band of N-P7 singlet exciton was observed for N-P7 neat films as shown by the broken line in 

this figure.  We therefore ascribe the short-lived absorption observed over 900 to 1300 nm at 

<0.1 ps to the N-P7 singlet exciton.  The large absorption band at around 850 nm decayed in a 
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few nanoseconds and was still observed on a time scale of microseconds even in an oxygen 

atmosphere.  We therefore ascribe the large absorption at around 850 nm to the N-P7 polaron, 

which is consistent with a previous report:31 the N-P7 polaron exhibits an absorption peak with a 

molar absorption coefficient of εN-P7
+ = 40000 M−1 cm−1 at 850 nm.   

 

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

 

To analyze the charge generation dynamics, we resolved the transient absorption spectra into 

N-P7 singlet exciton and charged species (N-P7 polaron and PCBM radical anion) by spectral 

simulation.  As shown in Figure 4a, the transient absorption spectrum at <0.1 ps can be well 

reproduced by the sum of the absorption spectrum of N-P7 singlet exciton and that of the 

charged species.  Figure 4b shows the time evolution of N-P7 singlet exciton and polaron in N-

P7/PCBM blend films.  It is noteworthy that 80% of N-P7 polarons were promptly generated at 

<0.1 ps.  The remaining N-P7 polarons were generated with a time constant of 0.3 ps and N-P7 

singlet excitons decayed exponentially with the same time constant.  This agreement suggests 

rapid generation of N-P7 polarons from singlet excitons, which is consistent with the efficient 

fluorescence quenching. 

 

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

 

Figure 5 shows the time evolution of transient signals at 900 nm (N-P7 polaron) observed for 

N-P7/PCBM blend films on a time scale of nanoseconds.  At laser intensities below 4 μJ cm−2, 

the decay dynamics were independent of the excitation intensity, suggesting monomolecular 

recombination.  Note that the charge carrier density under the lowest excitation is in the order of 
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1016 cm−3, which corresponds to a typical carrier density under the device operating conditions.  

The polaron decay was in good agreement with the photobleaching recovery (see the Supporting 

Information), suggesting the recombination to the ground state.  Therefore, the decay dynamics 

is ascribed to the monomolecular recombination to the ground state.  Indeed, the decay dynamics 

can be well fitted by a single exponential function with a constant fraction: ΔOD = A exp(−t/τm) 

+ B.  From the fitting, the decay constant and the constant fraction are evaluated to be τm = 2.2 ns 

and A : B = 35 : 65, respectively, independently of the film thickness.  This is in good agreement 

with the lifetime of the CT emission observed for this blend film mentioned above.  We therefore 

ascribe the decay fraction in the polaron band on a time scale of nanoseconds to the interfacial 

CT state, which is the coulombically bound pair of N-P7 polaron and PCBM radical anion at the 

heterojunction.   

 

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

 

We move onto the transient absorption on a time scale of nano- to microseconds under 

illumination of continuous white light to discuss the bimolecular recombination of dissociated 

charges under the device operating condition.  Under the white bias light of 100 mW cm−2 (1 

sun), the steady-state density of charge carriers nbias is as high as in the order of 1016 cm−3,32,33 

which is much larger than the transient density of charge carriers induced by weak laser pulses 

Δn(t).  Thus, the decay dynamics of the laser-induced carrier density Δn(t) is followed by a 

pseudo-first-order kinetics.  Figure 6 shows the decay dynamics of N-P7 polarons in N-

P7/PCBM blends under the continuous white bias light.  The laser-induced charge carrier density 

Δn(t) was estimated as described in the Supporting Information.  The decay dynamics was well 

fitted by a single exponential function with a lifetime of 3.4 μs under a weak laser excitation 
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whereas it was not followed by an exponential function under a strong excitation.  Details will be 

discussed in the following section. 

 

 

4. Discussion 

We discuss here the efficiency of each photovoltaic conversion process after the photon 

absorption individually: the efficiency of the exciton diffusion to a donor/acceptor interface ηED, 

the efficiency of the charge transfer at the donor/acceptor interface ηCT, the efficiency of the 

charge dissociation into free carriers at the donor/acceptor interface ηCD, and the efficiency of the 

charge collection to each electrode ηCC.   

First, we focus on the charge generation in N-P7/PCBM blends.  As shown in Figure 4, 80% of 

charge carriers are formed within an excitation pulse duration (0.1 ps) and the other 20% are 

formed with a time constant of 0.3 ps.  Such a rapid charge generation has been observed for 

other amorphous blend films.25,34  As reported previously, fluorene-based copolymers form 

amorphous films, in which PCBM molecules are dispersed in polymer domains as minority 

component.35,36  On the basis of the static quenching analysis, the quenching radius of PCBM 

molecules Rq is estimated to be as short as ~2 nm (see the Supporting Information), which is a 

typical reaction radius for electron transfer in organic materials.37  This finding shows that 80% 

of N-P7 singlet excitons are located within ~2 nm from PCBM molecules in the blend films, 

suggesting homogeneous dispersion of PCBM molecules.  More importantly, the charge 

generation is much more rapid than the lifetime of the singlet exciton that was estimated by the 

fluorescence lifetime measurement of N-P7 neat films (1.9 ns).  Therefore, we can safely 

conclude that the exciton diffusion efficiency ηED to and the charge transfer efficiency ηCT at a 

donor/acceptor interface are unity in N-P7/PCBM blend films.  
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We move onto the charge recombination dynamics on a time scale of sub-nanoseconds.  It is of 

importance to analyze the recombination dynamics to assign the charge separated state because 

there is no spectral difference between a pair of polymer polaron and PCBM radical anion 

coulombically bound at the heterojunction (interfacial CT state) and dissociated polymer polaron 

and PCBM radical anion in amorphous polymer/PCBM blends as reported previously.25,34,38  As 

mentioned before, the decay dynamics of N-P7 polaron is in good agreement with the recovery 

dynamics of the photobleaching and independent of the excitation intensity, suggesting the 

monomolecular recombination to the ground state.  Furthermore, this decay constant τm = 2.2 ns 

is also in good agreement with the lifetime of the interfacial CT state emission at 950 nm 

observed for the same blend films as shown in the Figure 2 (2.2 ns).  We therefore ascribe the 

polaron band at around 850 nm to N-P7 polaron that is coulombically bound with PCBM radical 

anion to form the interfacial CT state.  From the fitting parameters, the charge dissociation 

efficiency ηCD under the open-circuit condition is estimated to be 0.65, and the charge 

dissociation and recombination rates at the zero-field are estimated to be kdis = 2.9  108 s−1 and 

krec = 1.6  108 s−1, respectively.  It is noteworthy that these rate constants are independent of the 

film thickness.  This charge dissociation efficiency (ηCD = 0.65) is larger than that for amorphous 

RRa-P3HT/PCBM (0.31),25 is comparable to that for amorphous PCPDTBT/PCBM (0.70),34 but 

is lower than that for crystalline RR-P3HT/PCBM blend films (0.80 – 0.90).25 

 

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

 

Next, we discuss the charge collection efficiency ηCC on the basis of the lifetime of dissociated 

charge carriers under the white bias illumination.  The charge carrier density was reported to be 

typically of the order of ~1016 cm−3 at 1 sun (nbias = 3 × 1016 cm−3 for RR-P3HT/PCBM, nbias = 2 



 

12 

× 1016 cm−3 for Si-PCPDTBT/PCBM, and nbias = 5 × 1016 cm−3 for PCDTBT/PCBM blend 

films).32,33  As shown in Figure 6, weakly laser-induced charge carriers (Δn(t) < 1016 cm−3) decay 

exponentially with a lifetime of τC = 3.4 μs under the white bias illumination at 1 sun.  

Consequently, the pseudo-first-order lifetime can be considered as the charge carrier lifetime at n 

≈  1016 cm−3 under the device operating condition.  The charge collection efficiency can be 

estimated with the charge carrier lifetime τC = 3.4 μs by the Hecht equation 
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where d is the thickness of the active layer, dC is the average collection length (= d/2), Vb is the 

internal bias voltage at the short circuit (~VOC), and μ is the charge mobility.39–42  Figure 7 shows 

the voltage dependence of the charge collection efficiency ηCC calculated by eq 1.  Note that the 

charge carrier lifetime τC is set as a constant value because the carrier density dependence of τC is 

negligibly small (τC = 5 μs at 0.1 sun, see the Supporting Information), and μ is set to the hole 

mobility (μ = 2 × 10−4 cm2 V−1 s−1), which is slower than the electron mobility (~5 × 10−3 cm2 

V−1 s−1),43,44 because the charge collection is limited by the slower charge.  As shown in the 

figure, ηCC remains high with increasing applied voltage and then steeply drops at ~VOC for the 

thin devices (d = 90 and 140 nm) whereas it gradually drops with increasing applied voltage for 

the thick device (d = 220 nm).  As a result, ηCC(0) was estimated to be 0.96 (d = 90 nm), 0.90 (d 

= 140 nm), and 0.79 (d = 220 nm) under the short-circuit condition.  For comparison, ηCC(0) of 

RR-P3HT/PCBM solar cells is as high as 0.96 even for d = 200 nm because of a long charge 

carrier lifetime of τC = 20 μs due to the reduced bimolecular recombination34 (see the Supporting 

Information).  The difference in the charge carrier lifetime is ascribed to the formation of the 

interfacial CT state in amorphous N-P7/PCBM blends as reported previously.34  We therefore 

conclude that the primary origin of the lower ηCC in N-P7/PCBM thick devices is the shorter 
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charge carrier lifetime τC because the charge mobility in N-P7/PCBM is similar to that in 

P3HT/PCBM blends.   

 

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

---<<  Table 2  >>--- 

 

We further discuss the voltage-dependent charge dissociation efficiency ηCD(V) on the basis of 

the voltage-dependent charge collection efficiency ηCC(V) and the voltage-dependent current 

density in the dark Jd(V) and under the illumination J(V).  The overall voltage-dependent 

photoinduced current Jph(V) is described as follows: 

Jph(V) = Jd(V) – J(V) = qφ[ηAηEDηCTηCD(V)ηCC(V)]    (2)  

where J(V) and Jd(V) are the current density of the solar cell at voltage V under illumination and 

in the dark, respectively, q is the elementary charge, φ is the incident photon flux on the device, 

and ηCD(V) and ηCC(V) is the voltage-dependent CT state dissociation and charge collection 

efficiency, respectively.  On the other hand, the EQE and IQE are defined by the product of these 

efficiencies under the short-circuit condition:  

EQE = ηA ηED ηCT ηCD(0) ηCC(0) = ηA IQE     (3) 

Thus, the voltage dependence of the CT state dissociation efficiency ηCD(V) is given by eq 4 

because ηED = ηCT = 1 as mentioned above. 
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Here, the IQE is estimated as an open parameter so that the extrapolated value of ηCD(V) to V → 

VOC coincides with ηCD = 0.65 that was evaluated from the transient analysis.  Note that these 

IQE values are roughly equal to EQE/ηA at 400 nm (see the Supporting Information).  As shown 
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in Figure 7, ηCD is dependent on the applied voltage for the thin devices (d = 90 and 140 nm) 

whereas ηCD is independent of the applied voltage for the thick device (d = 220 nm).  Note that 

these IQE values are roughly equal to EQE/ηA at 400 nm (see the Supporting Information).  

Interestingly, plots of ηCD(V) against the electric field strength |F| follows a unique master curve 

for all the N-P7/PCBM devices as shown in Figure 8, suggesting that the voltage dependence of 

ηCD(V) is due to the electric field strength |F| in the device.  The electric field in the thin devices 

is as strong as several MV m−1 under the short-circuit conditions, and hence assist the 

dissociation from the CT state to give ηCD higher than that under the open-circuit condition.  

Such field-assisted charge dissociation has been reported previously.28,45  We therefore conclude 

that the dissociation from the interfacial CT state in the thin devices is enhanced by the electric 

field under the short-circuit condition.  As summarized in Table 2, the products of each 

efficiency ηi are close to the corresponding EQE observed, suggesting that each efficiency 

evaluated from the transient absorption study is closely related to the device performance.  On 

the basis of these analyses, we conclude that the geminate recombination is the primary loss 

process in all the devices though the CT dissociation is slightly assisted by the electric field in 

the thin devices, and that the bimolecular recombination is additional loss process in the thick 

device. 

Finally, we discuss the efficient charge dissociation shown in Figure 8.  The charge 

dissociation efficiency is estimated by eqs 5–7 based on the Onsager–Braun model.28 
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where μ is the charge mobility, q is the elementary charge, εε0 is the permittivity of the active 

layer, reh is the initial electron–hole separation distance, Eb is the Coulombic binding energy (= 

e2/(4πεε0 reh)), kB is the Boltzmann constant, and J1 is the Bessel function of the first kind of 

order one.  Here, krec is set to krec = 1.6  108 s−1, which is evaluated by the spectroscopic analysis 

as mentioned above, and μ is set to μ = 5 × 10−3 cm2 V−1 s−1, which is an electron mobility 

reported for PCBM films,43,44 assuming that the charge dissociation is controlled by the faster 

charge.  As shown by the broken lines in the figure, the efficient charge dissociation can be 

roughly reproduced with reh = 3.5 nm although it cannot be reproduced with reh = 1 nm that is a 

typical separation distance of contact ion pairs.  Note that it would be reproduced with reh = 2.5 

nm if the mobility is set to μ = 1 × 10−2 cm2 V−1 s−1 reported as a local charge mobility.46,47  In 

any case, such long electron–hole distance suggests the charge delocalization in the interfacial 

CT state.  This is in good agreement with the correlation between singlet exciton size and charge 

dissociation efficiency as we have reported.34  Furthermore, efficient charge dissociation has 

been explained by Monte Carlo simulation considering a charge delocalization along conjugated 

polymer chains.48  Therefore, these findings suggest that the charge delocalization play important 

roles on efficient charge dissociation in amorphous polymer solar cells.  

 

 

5. Conclusion 

The charge generation and recombination dynamics were studied for N-P7/PCBM amorphous 

blend films.  Upon the photoexcitation, N-P7 singlet excitons rapidly decay and N-P7 polarons 

are promptly generated with 100% efficiency in a picosecond.  Thus, the exciton diffusion and 

charge transfer efficiencies are estimated to be ηED = 1 and ηCT = 1, respectively.  This is because 

PCBM molecules are homogeneously dispersed in amorphous polymer films.  The N-P7 
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polarons observed on a time scale of sub-nanoseconds are ascribed to the interfacial CT state, 

which is a coulombically bound pair of N-P7 polaron and PCBM radical anion, because the 

monomolecular decay constant is consistent with the lifetime of the CT emission.  In 

nanoseconds, the majority of N-P7 polarons in the CT state are dissociated into free carriers and 

the rest of them recombine to the ground state.  The dissociation efficiency ηCD is estimated to be 

0.65 under the open-circuit condition and is slightly enhanced to 0.7 – 0.8 under the short-circuit 

condition.  This dissociation efficiency is comparable to that of amorphous PCPDTBT/PCBM 

solar cells but lower than that of crystalline RR-P3HT/PCBM solar cells.  This finding suggests 

that the charge dissociation efficiency in blends of amorphous polymer and PCBM is limited by 

the formation of the interfacial CT state as reported previously.  Nonetheless, the charge 

dissociation efficiency is still high for the contact ion pair.  The relatively high charge 

dissociation efficiency can be well reproduced by the Onsager–Braun model considering charge 

delocalization.  This result suggests that the charge delocalization play important roles on 

efficient charge dissociation in amorphous polymer solar cells.  The charge collection efficiency 

ηCC is as high as 0.96 in the N-P7/PCBM thin devices.  However, it drops to 0.79 for the N-

P7/PCBM thick device (d = 220 nm) whereas it is still as high as 0.96 for P3HT/PCBM solar 

cells (d = 220 nm).  This finding suggests that the bimolecular recombination loss is not 

negligible in the thick amorphous device because the charge carrier lifetime in N-P7/PCBM (3.4 

μs) is shorter than that in P3HT/PCBM (20 μs).  In conclusion, the relatively high performance 

of amorphous N-P7/PCBM solar cells is primarily due to the efficient charge dissociation, which 

is slightly assisted by the internal field and primarily enhanced by the charge delocalization, 

although there is still room to improve the limited dissociation efficiency and the short charge 

carrier lifetime. 
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FIGURES 

 

Figure 1.  a) J–V characteristics of N-P7/PCBM solar cells with active layer of 90 (squares), 140 

(triangles), and 220 nm (circles) thick.  The solid and broken lines represent J–V characteristics 

under AM1.5G simulated solar illumination at 100 mW cm−2 and in the dark, respectively.  b) 

EQE spectra of N-P7/PCBM solar cells with active layer of 90 (dotted line), 140 (broken line), 

and 220 nm (solid line) thick.  c) Absorption spectra measured by reflection mode of 

ITO|PEDOT:PSS (40 nm)|N-P7/PCBM|Al (70 nm) devices with an active layer of 90 (dotted 

line), 140 (broken line), and 220 nm (solid line) in thick.  
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Figure 2.  a) Fluorescence spectra of N-P7 neat films (broken line), PCBM neat films (dotted 

line) and an N-P7/PCBM blend film (solid line) on excitation at 407 nm.  b) The emission decay 

kinetics monitored at 950 nm on excitation at 407 nm (open circles).  The solid and dotted line 

shows the fitting line with the time constant of τ = 2.2 ns and instrumental response function, 

respectively. 
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Figure 3.  Normalized transient absorption spectra of N-P7/PCBM blend films.  The excitation 

intensity was set at 3 μJ cm−2 at 400 nm.  The delay times are <0.1 ps (black), 2 ps (red), and 10 

ps (blue).  The broken line shows the transient spectra of the N-P7 neat film at <0.1 ps.  The 

dotted line shows the baseline. 



 

28 

 

Figure 4.  a) Transient absorption spectrum at 0.2 ps of the N-P7/PCBM blend film (open 

circles).  The gray solid line shows the spectrum simulated by the sum of the absorption 

spectrum at <0.1 ps of N-P7 neat films (N-P7 singlet exciton, dotted line) and the absorption 

spectrum at 10 ps of the blend film (N-P7 polaron and PCBM radical anion, broken line).  b) The 

time evolution of N-P7 singlet exciton (triangles) and charge carriers (circles) in the N-

P7/PCBM blend film.  The broken lines show the fitting lines by exponential functions: A[1 

− exp(−t/τr)] + B for the rise and C exp(−t/τd) for the decay kinetics with τr = τd = 0.3 ps and A : 

B = 20 : 80.  The dotted line shows the instrument response function. 
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Figure 5.  Semi-log plots of the transient decay of N-P7 polaron in an N-P7/PCBM blend film 

probed at 900 nm.  The laser intensities at 400 nm are 1, 2, 3, and 4 μJ cm−2 from bottom to top.  

The broken lines show the fitting by an exponential function with a constant fraction: ΔOD = A 

exp(−t/τm) + B with τm = 2.2 ns and A : B = 35 : 65. 
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Figure 6.  Time evolution of the charge carrier density in N-P7/PCBM blend films under 

illumination of continuous white light of 100 mW cm−2.  The laser intensities at 400 nm are 0.25, 

0.5, and 7.5 μJ cm−2 from bottom to top.  The gray broken lines show the fitting curves by an 

exponential function: Δn(t) = Δn0 exp (−t/τ) with τ = 3.4 μs.  The Δn0 of upper and lower gray 

lines are Δn0 = 1.7 × 10 cm3 and 7.5 × 10 cm3, respectively. 
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Figure 7.  Charge collection efficiency ηCC(V) (solid lines) and charge dissociation efficiency 

ηCD(V) (symbols) of N-P7/PCBM solar cells devices with an active layer of (a) 90, (b) 140, and 

(c) 220 nm in thick plotted against the applied voltage.  The broken lines show the extrapolations 

of ηCD(V) to the open-circuit voltage. 
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Figure 8.  Dependence of the charge dissociation efficiency CD(V) on the electric field strength 

|F|.  The open triangles, open circles, and crosses show CD(V) of the devices with an active layer 

of 90, 140, and 220 nm in thickness, respectively.  The broken lines show the charge dissociation 

efficiency estimated by the Onsager–Braun model with a charge pair distance of reh = 1.0 

(broken line), 1.5 (dotted line), 2.0 (dashed-dotted line), and 3.5 nm (solid line).  The other fixed 

parameters are μ = 5 × 10− cm2 V− s− krec = 1.6  108 s−1, ε = 3.7, and T = 300 K.   
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TABLES 

 

Table 1.  The device parameters of N-P7/PCBM solar cells. 

 

thickness / 
nm 

JSC / mA 
cm−2 

VOC / V FF PCE / % 

90 5.1 0.77 0.47 1.8 

140 6.3 0.78 0.42 2.1 

220 7.3 0.83 0.41 2.5 

 



 

34 

Table 2.  The photovoltaic conversion efficiency of N-P7/PCBM blends under the short-circuit 

condition. 

 

Thickne
ss / nm 

ηA ηED ηCT ηCD ηCC ηi a EQE 

90 0.35 1 1 0.80 0.96 0.27 0.25 

140 0.80 1 1 0.75 0.90 0.54 0.53 

220 0.85 1 1 0.70 0.79 0.47 0.50 

a ηi = ηA ηED ηCT ηCD ηCC  

 


