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Abstract 
Charge generation and recombination dynamics in organic photovoltaic bulk heterojunction 

films comprising the donor polymer, PDPP-TNT (Poly {3,6-dithiophene- 

2-yl-2,5-di(2-octyldodecyl)- pyrrolo[3,4-c]pyrrole-1,4-dione-alt-naphthalene}), blended with 

the fullerene acceptor, PC71BM ([6,6]-phenyl C71-butyric acid methyl ester), have been 

studied. The charge carrier generation process was studied using femtosecond transient 

absorption and it was found that the efficiency of charge generation is not dominated by 

geminate recombination but rather is limited by exciton diffusion in the films. Highly sensitive 

nanosecond transient absorption (ns-TA) and time-resolved microwave conductivity (TRMC) 

were used to study charge recombination. From ns-TA measurements, we obtained a 

recombination rate constant of 1 x 10-9 cm3s-1 and found that charge recombination is limited 

by the diffusion of charge carriers (Langevin-type recombination). TRMC signals were 
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comparable with ns-TA on shorter time scales. However, in contrast to ns-TA, the TRMC 

signal contained an additional long-lived component. The fast decay at shorter time scales is 

attributed to the recombination of the majority of the charge carriers. The long-lived 

component is assigned to a small population of charge carriers with high mobility, 

suggesting they are located in isolated, crystalline domains within the bulk heterojunction. 

These findings are discussed in relation to the morphology of the blend film, fluorescence 

quenching properties, and device performance including photoinduced charge extraction by 

linearly increasing voltage (PhotoCELIV) measurements described in our previous 

publications. 

 
Introduction  
Organic photovoltaics (OPV) based on conjugated polymers have attracted much attention 

for their light weight, low cost, mechanical flexibility and potential for production of 

large-scale devices.1,2 Much effort has been made to improve power conversion efficiency 

(PCE). Recently, 11.5% PCE has been achieved.3 The bulk hetero-junction (BHJ) structure 

is commonly employed in such OPV devices. It consists of an interpenetrating network of 

conjugated polymer (donor) and fullerene derivative (acceptor). Although various materials 

have been examined, a mixture of poly(3-hexylthiophene) and [6,6]phenyl C61-butyric acid 

methyl ester (P3HT and PC61BM, respectively) has been widely used as a prototype 

material. The principles of photo-energy conversion are considered as follows. Upon 

photo-excitation, excitons are produced in the absorbing medium, diffuse to the interface 

between the donor polymer and the acceptor fullerene where exciton dissociation can result 

in free charge carrier generation. Resultant holes in the donor polymer and electrons in the 

acceptor fullerene are transported to the anode and cathode, respectively. Accordingly, both 

efficient charge generation as well as efficient charge transport are essential for achieving 

high performance devices. In this context, the morphology of the BHJ has received great 

attention with significant efforts being made to clarify the relationship between film 

morphology and device performance.1,2 

 

Recently, diketopyrrolopyrrole (DPP) based polymers have attracted interest in the 

OPV community based on beneficial solar light harvesting properties owing to a low 

bandgap and the ability to tune BHJ blend morphology through the selection of processing 

solvents.4-6 In this paper, we have investigated BHJ films based on poly{3,6-dithiophene- 

2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-alt-naphthalene}(PDPP-TNT) and 

[6,6]-phenyl C71-butyric acid methyl ester (PC71BM), Scheme 1. OPV devices utilizing 

PDPP-TNT and PC71BM have shown power conversion efficiencies (PCE) around 5%.8 In 
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previous work, we investigated the relationship between device performance, BHJ 

morphology and the solvent system used for spin coating the active layer. OPV devices 

prepared from a chloroform: dichlorobenzene (4:1) mixed solvent system showed a higher 

performance (PCE = 4.5%) than those prepared from a chloroform solution (PCE = 1.9%).8 

BHJ films prepared from mixed solvents (mix film) consisted of PDPP-TNT “nanofibers”, 

around 15-20 nm in diameter and <300 nm in length, within a surrounding PC71BM matrix. In 

contrast, BHJ films prepared from chloroform (CF film) displayed a well-separated 

“cobblestone-like” structure where large PC71BM aggregates were surrounded by thin 

“valleys” of PDPP-TNT. Energy filtered TEM was used to distinguish between polymer-rich 

and fullerene-rich regions within the BHJ films. The PC71BM could be rinsed away from the 

film with hexane. Fluorescence quenching measurements of films before and after rinsing 

away the fullerene suggested that PDPP-TNT and PC71BM were well segregated in both 

films. It is noted that such a phase-segregated structure observed in PDPP-TNT:PC71BM is 

different from that in P3HT:PCBM films, in which intercalation between P3HT and PCBM is 

often observed.9 The large difference in BHJ morphology, still utilizing the same polymer: 

fullerene components, makes this an interesting system to study charge generation and 

recombination.   

 

Previously, we investigated charge carrier dynamics in PDPP-TNT:PC71BM 

devices using photoinduced charge extraction by linearly increasing voltage (PhotoCELIV). 

Accordingly, we evaluated charge carrier mobility in a device made from mixed solvents to 

be µ = 0.7 x 10-3 cm2V-1s-1 at 300 K.10 Furthermore, from that investigation, we concluded 
that charge recombination is limited by diffusion of charges, namely Langevin-type 

recombination. This is in contrast with charge recombination kinetics in P3HT:PCBM, in 

which non-Langevin-type recombination is often observed.11,12 We also studied exciton 

dynamics in pristine PDPP-TNT films using time-resolved fluorescence and absorption 

spectroscopies.13  

 

There have been reports in the literature of short singlet exciton lifetime in 

DPP-based polymers (35 ps)14. A shorter singlet exciton lifetime for DPP based polymers 

compared to P3HT ( 〜 400 ps)15 has been attributed to the smaller difference in 

HOMO-LUMO energy levels  of DPP polymers (band-gap from 1.3 to 1.7 eV) compared to 

P3HT (2.1 eV).14 In contrast, for PDPP-TNT the singlet exciton lifetime was evaluated to be 

185 ps,13 which is comparable to that for P3HT. This indicates that the low band gap nature 

alone is not a critical factor for singlet exciton lifetime for DPP based polymers, suggesting 

that a long diffusion length of singlet excitons is feasible. Under high-density excitation 
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conditions, the annihilation of excitons was observed and the rate constant was estimated to 

be 6.0 x 10-9 cm3s-1 for PDPP-TNT.13 Based on these results, the diffusion length of the 

singlet exciton was estimated to be about 7 nm. This is comparable with the value obtained 

in P3HT (5-20 nm)16.  

 

In this paper, we report the results of transient absorption (TA) and time-resolved 

microwave conductivity (TRMC) measurements. These were used to further investigate 

charge generation and recombination kinetics in PDPP-TNT:PC71BM BHJ films. 

Femtosecond TA (fs-TA) was used to evaluate charge generation dynamics in mix and CF 

BHJ films. Nanosecond TA (ns-TA) and time-resolved microwave conductivity (TRMC) were 

used to quantitatively evaluate the recombination of charge carriers. TRMC measurements 

revealed a long-lived signal that was not observed using ns-TA. The origin of this signal is 

attributed to the film morphology, microstructure and the resultant electronic properties of 

spatially isolated charge carriers. Based on this systematic study of charge carrier dynamics, 

we will discuss factors influencing the performance of PDPP-TNT:PC71BM-based OPV 

devices. 

 

Experimental 
PDPP-TNT was synthesized in-house as described in previous work.7 PC71BM was 

purchased from Sigma-Aldrich and used without further purification. Solutions were 

prepared by dissolving and stirring PDPP-TNT and PC71BM (weight ratios of 1 : 2) in 

chloroform at 60 °C for several hours. The solution was split into two batches and 

ortho-dichlorobenzene (DCB) was added to one batch to constitute a ratio of 4 : 1 

chloroform : DCB (Mix film). Additional chloroform was added to the other batch so as to 

maintain the same solute concentration (CF film). Pristine and blend films were prepared on 

glass substrate by spin-coating technique. Absorption spectra of both blend and pristine 

films are available in supplementary information in reference 8. 

 

Femtosecond transient absorption measurements were carried out with a Ti: sapphire 

regenerative amplifier (RegA9000, Coherent) as a light source. The output from the 

regenerative amplifier (800 nm, pulse width of 180 fs, and repetition of 10 kHz) was 

separated into two beams for the excitation of two optical parametric amplifiers (OPAs) 

(OPA9400 and OPA9800, Coherent). Pump and probe light pulses were obtained from the 

two OPAs. For the pump pulse, the output from one OPA at a wavelength of 650 nm was 

used. For the probe pulse, 740 nm light pulse (corresponding to the lowest absorption peak 

of PDPP-TNT) generated from the other OPA was used to monitor the ground-state 
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bleaching signals. The delay time of the probe pulse relative to the pump pulse was 

controlled by changing the path length of the pump pulse. The time resolution of the system 

was about 250 fs.  

 

Nanosecond time-resolved TA measurements were carried out with a Nd3+:YAG laser 

(Surelite II, HOYA Continuum). The second harmonic (532 nm) of the laser was used for 

excitation. A xenon lamp (Hamamatsu C7535, 150 W) was used as the probe light source. 

The light transmitted through the sample films was broadly monochromatized (700-750 nm 

range) with several optical filters and detected with a Si photodiode (DET36A, Thorlabs). 

The photocurrent from the detector was amplified with an amplifier (DHPVA-100, Femto), 

and signals were processed with a digital oscilloscope (TDS380, Tektronix) and analyzed 

with a computer. The DC offset of the photocurrent from the detector was subtracted by 

using the AC-coupled mode of the amplifier. As a result, very small absorbance changes (∆A 
< 10-5) were detected with 20 ns time resolution. The intensity of the laser pulse was 

measured with a pyroelectric energy meter (PE25-C, Ophir).  

 

Time-resolved microwave conductivity (TRMC) measurements were carried out 

with homemade TRMC equipment.17 The Nd3+:YAG laser (Surelite II, HOYA Continuum) 

was used as the excitation light source. The second harmonic (532 nm) of the laser was 

used for excitation. Microwaves were generated by an oscillator based on a Gunn diode 

(MGS-15B, 200 mW; Nakadai). The oscillator was equipped with a varactor diode, which 

was used to tune the frequency of the microwaves from 8.5 to 10 GHz (X-band). The 

microwaves traveled toward the sample cavity through a circulator. Reflected microwaves 

were detected with a diode (IN23WE, NEC). The photocurrent from the detector was 

amplified with an amplifier (DHPVA-100, Femto), and signals were processed with a digital 

oscilloscope (TDS5032, Tektronix) and analyzed with a computer. The time resolution of the 

system was about 20 ns. 

 

Results and Discussion 
[Femtosecond TA measurements] 

fs-TA signals were measured at different excitation light pulse energies in films of 

pristine PDPP-TNT as well as PDPP-TNT: PC71BM blends prepared from chloroform (CF) 

and from mixed solvents (Mix).  Normalized temporal profiles of the fs-TA signals divided 

by the excitation light energy absorbed by a sample specimen per pulse, Iabs, are shown in 

Figure 1. The fraction of absorbed light, fabs, was 0.67, 0.29, and 0.28 for the pristine, the CF 

and the Mix films, respectively. The fs-TA signal was measured at 740 nm where PDPP-TNT 
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strongly absorbs; bleaching of the ground state absorption was observed. Figure 2a shows 

TA signals at just after the excitation pulse, 0.25 ps (when the TA signal is at its maximum), 

as a function of Iabs; the signals were proportional to Iabs. This indicates that no signals faster 

than time-resolution of our apparatus were included. For the pristine PDPP-TNT films (Fig. 

1a), the ground state bleaching signal recovered rapidly with a time constant of 175 ps, 

which is similar to values obtained previously under relatively strong excitation light 

intensities.13 As we discussed previously, the bleaching recovery profiles are similar to the 

fluorescence decay profiles, indicating that the ground state is directly repopulated from 

singlet state decay in the pristine film. We note that there is no contribution due to a 

long-lived triplet excited state, indicating inefficient intersystem crossing. In contrast with the 

pristine film, a long-lived component was observed for the blend films as shown in Figs. 1b 

and 1c. For the blend films, efficient charge generation is expected from the observed 

incident photon-to-electron conversion efficiency (IPCE) values in devices7 and therefore 

this long-lived component can be associated with the presence of charge carriers. It is noted 

that the magnitude of the long-lived signal is larger for the Mix films than for the CF films. 

This is in agreement with the OPV device performance where Mix film devices produce a 

larger short circuit current density than CF film devices.7 Additionally, the decay times of 

long-lived components can be seen to become shorter with increasing Iabs.  This indicates 

that the long-lived decay profiles are dominated by second order charge recombination; in 

other words, geminate recombination is not observed in this time range. This is in contrast 

with the results for other DPP polymer blend films, for which geminate recombination was 

clearly observed.14  

 

Figure 2b shows –∆A at 2000 ps as a function of Iabs. It can be seen that for Iabs > 

0.1 µJcm-2, –∆A is proportional to Iabs
0.5  while for Iabs < 0.1 µJcm-2, –∆A is proportional to 

Iabs suggesting that nonlinear effects such as exciton annihilation can be effectively ruled out 

at low Iabs. To discuss the origin of the bleaching signals in detail, temporal profiles under 

similarly low Iabs (Iabs ~ 0.1 µJcm-2) are compared in Fig. 3. The signals at just after the 
excitation pulse (0.25 ps) are almost the same for the pristine film, Mix film and CF film, 

suggesting that the number of primary photoproducts is similar. For the pristine film, the 

signal recovers rapidly and disappears within 1 ns. As we discussed previously, this 

indicates that the primary photoproduct is the singlet excited state which relaxes back to the 

ground state through radiative and non-radiative transitions. For the blend films, a similar 

fast decay component associated with the singlet excited state is observed, followed by a 

long-lived component, associated with the existence of charge carriers.  
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 To estimate the contribution of this long-lived component in the blend films, each 

decay profile was fitted to a single exponential function with an offset value (broken lines in 

Fig. 3). The exponential term is associated with the fast decay of the singlet excited state, 

while the offset value is associated with the long-lived charge carriers. The obtained time 

constants were 175 ps for the pristine film, 124 ps for the CF film, and 92 ps for the Mix film. 

The offset values, associated with charge carriers, are quite different among the films: 0 for 

the pristine film, 0.9 x 10-4 for the CF film and 1.5 x 10-4 for the Mix film. Note that the offset 

value is correlated with the time constant (fits with shorter time constants have larger offset 

values). This clearly indicates that the efficiency of charge generation is limited by the 

quenching rate of singlet excited states, in other words, the majority of singlet excitons 

undergo charge separation at the interface between PDPP-TNT and PC71BM in the blend 

films. The primary quantum yield of charge generation can be roughly evaluated from the 

signal intensity of the long-lived species divided by that of the primary species (the ratio of 

the offset value to the signal value at just after excitation). Accordingly, the yield values are 

evaluated to be 0.7 for the Mix films and 0.37 for the CF films. This is consistent with our 

previous study where fluorescence quenching was roughly 0.7 and 0.3 for Mix films and CF 

films, respectively.8 The difference in charge carrier generation efficiency between the CF 

film and the Mix film is consistent with the difference in the BHJ morphology of the films. For 

the CF films, “cobblestone-like” structures are observed where PC71BM domains, several 

hundred nanometers in diameter, are separated by PDPP-TNT, whereas “nanofibers” of 

PDPP-TNT, around 15-20 nm in diameter and < 300 nm in length, dispersed throughout a 

PC71BM matrix were observed for the Mix films.8 It is clear that smaller sized domains in the 

Mix film are more favorable for efficient charge generation because the majority of excitons 

can reach an interface between PDPP-TNT and PC71BM within their lifetime. Figure 4 

illustrates the difference of the primary processes of charge carrier generation between the 

CF and Mix films; the efficiency of charge generation is effectively reduced by the relaxation 

of the exciton to the ground state before reaching the interface. 

 

 The quantum yield of charge generation is compared with IPCE measurements at 

650 nm light excitation. IPCE values of 0.6 and 0.2 were found for devices based on Mix film 

and CF film, respectively.8 Although the film thickness of the device (110 nm) is thicker than 

that of the samples for fs-TA (25 nm), similarity between IPCE value and the quantum yield 

of charge generation suggests that the IPCE value is mainly limited by the quantum yield of 

charge generation and, in other words, charge collection in the device is highly efficient 

(perhaps more so for the device employing a Mix film).  
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 [Evaluation of charge recombination rate constant of the Mix films] 

Figure 5 shows temporal profiles of ns-TA signals observed in the Mix films; these 

signals were recorded at 700-750 nm, this is near the absorption maximum of the film and is 

due to PDPP-TNT. Excitation was made by a 532 nm laser pulse and the fraction of 

absorbed light fabs was 0.2 at this wavelength. Similar to the fs-TA measurements (Figs. 1 

and 3), bleaching of the ground state absorption was observed. As discussed above, the 

bleaching signal observed here, which recovers in several hundreds of nanoseconds, is 

mainly associated with charge carriers.  

 

As seen in Fig. 5, the recovery rate is lower at lower Iabs, indicating that second 

order charge recombination dominates the time profiles, consistent with fs-TA results (Fig. 1). 

Figure 6 shows that absorbance change (-∆A) just after excitation as a function of Iabs. The 
absorbance change is proportional to Iabs under weak excitation conditions and becomes 

proportional to Iabs
0.5 above Iabs = 0.2 µJcm-2. Note that very weak excitation laser fluence 

Flaser (= Iabs / fabs < 1 µJcm-2) was needed to observe a linear dependence; highly sensitive 
TA measurements are essential for studying such efficient recombination processes. 

 

TA techniques have been used to investigate charge recombination in OPV 

materials. In studies on MDMO-PPV:PC61BM,18 and P3HT:PC61BM,19 the TA signal 

dependence on excitation fluence, Flaser, showed similar behavior. At high excitation fluence, 

a fast-decay signal with a nanosecond time constant was observed. A slow decay with a 

power-law dependence in the millisecond time region became dominant at low Flaser. 

Interestingly, the slow decay profiles were not sensitive to Flaser, and signal intensities 

tended to saturate with increasing Flaser. Such phenomena have been explained based on a 

trap-filling model.20,21 Similarly, a slow decay in the TA signal was observed for a DPP 

polymer-based system, however with a different exponent in the power-law decay.14 For 

PDPP-TNT:PC71BM, on the contrary, only the fast-decay component can be seen even at 

low Flaser, as shown in Fig. 5. This implies that the density of traps in PDPP-TNT:PC71BM 

films is significantly lower than that of other OPV materials studied by TA previously. This is 

probably related to the well-segregated structure between PDPP-TNT and PC71BM in the 

PDPP-TNT:PC71BM BHJ films.8 

 

Charge recombination kinetics can be expressed using the following rate equation 
[ ] [ ]2ehabs

p

CSd NI
dhdt

N
ex

γ
νt

−
Φ

=     (1) 

where [N] is the charge density, ΦCS is the efficiency of free charge carriers escaped from 
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geminate pair, tp is the pulse duration (10 ns), h is the Planck constant, νex is the frequency 

of excitation light, d is the thickness of the films (60 nm) and γeh is the rate constant of bulk 

recombination of charge carriers. As shown in Fig. 6, the ∆A is proportional to Iabs under 

weak excitation conditions and the signal tends to saturate at Iabs ≥ 0.2 µJcm-2. This 
tendency clearly shows that charge recombination occurs within the time resolution of the 

TA equipment (20 ns) above Iabs = 0.2 µJcm-2. Accordingly, γeh can be obtained from γeh[N] = 
(1 / 20 ns) and [N] can be evaluated as 

[ ] abs
CS I

dh
N

exν
Φ

=      (2) 

Actually, the absolute value of ΦCS is not available and therefore the IPCE value (0.5 at 532 

nm)8 observed for a device based on a similarly prepared blend film. It is noted that ΦCS 
values estimated from femtosecond TA measurements (Fig. 3) are similar to those of IPCE. 

Using the values of Iabs = 0.2 µJcm-2, γeh can be estimated to be γeh = 1 x 10-9 cm3s-1. 
 

If charge recombination is limited by diffusion (Langevin-type recombination), the 

γeh can be expressed as  

0/ εεµγ eeh =      (3) 

where e is the elementary charge, µ is the mobility, ε is the dielectric constant and ε0 is the 

permittivity in vacuum. Assuming ε = 3, which is the typical value for organic materials, µ can 

be evaluated to be µ = 5 x 10-4 cm2V-1s-1 from the estimated recombination rate constant (γeh 
= 1 x 10-9 cm3s-1). This mobility value is similar to that obtained from PhotoCELIV 

measurements in pDPP-TNT:PC71BM (µ = 7 x 10-4 cm2V-1s-1. at 300 K).10 This indicates that 
the charge recombination in PDPP-TNT:PC71BM is limited by diffusion of charges 

(Langevin-type recombination). This is consistent with the conclusion obtained from the 

saturation of photoinduced current at high laser intensities in PhotoCELIV measurements.10 

This is in contrast with charge recombination kinetics in P3HT:PC61BM, in which 

non-Langevin-type recombination is often observed.11,12 Recently, Clarke et al. have studied 

the effect of polymer structure on non-Langevin-type recombination kinetics.22 Accordingly, 

they pointed out that amorphous mixed phase between crystalline polymer and crystalline 

fullerene plays an important role for non-Langevin-type recombination. As studied 

previously,8 PDPP-TNT and PC71BM is well segregated in PDPP-TNT: PC71BM blend films, 

in other words, mixed intercalated phase between PDPP-TNT and PC71BM is a minor part. 

This would be a possible reason for observing Langevin-type recombination in 

PDPP-TNT:PC71BM blend films. 
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For pristine PDPP-TNT films, the hole mobility was estimated to be µ = 0.98 
cm2V-1s-1 from field effect transistor (FET) characteristics,7 which is three orders of 

magnitude larger than those obtained from PhotoCELIV (µ = 7 x 10-4 cm2V-1s-1) and TA (µ = 
5 x 10-4 cm2V-1s-1) measurements for PDPP-TNT:PC71BM blend films. This discrepancy can 

be attributed to a difference in experimental conditions. FET characteristics are examined 

under high charge density conditions, which is significantly different from other techniques 

such as PhotoCELIV. In fact, it has been clearly shown that charge mobility increases 

dramatically with increasing charge density.23 It was reported that mobility (µ = 2 x 10-3 
cm2V-1s-1) obtained by time-of-flight (TOF) and space charge limited current (SCLC) 

measurements examined under low charge density condition was much lower than mobility 

(µ >10 cm2V-1s-1) obtained by FET characterization for pristine DPP based polymer 
(PDPPDTSE) films.24  

 

[Comparison of TA signal with TRMC signal] 

TRMC is a type of TA spectroscopy using microwaves as a probe to measure the 

conductivity (σ) of mobile charges generated by light excitation.25 The absorption of 

microwave power (–∆P/P) can be expressed as  
 

C' NKK
P

P µσ ==





 ∆−

     (1) 

 

where K and K’ are constants, µ is the mobility of the charge carriers, and NC is the number 
of charge carriers present. Note that TA signals include only information about the number of 

charge carriers, whereas both the number and mobility of charge carriers contribute to 

TRMC signals. Accordingly, information about mobility of charge carriers can be extracted 

by making a comparison between TA and TRMC measurements. Figure 7 shows the 

temporal profiles of TA and TRMC signals under strong (Iabs = 0.8 µJcm-2) and weak (Iabs = 

0.06 µJcm-2) excitation conditions in the Mix films. It is obvious that TRMC signals include 
both fast and slow decay components, whereas only a fast decay component can be seen in 

the TA signals.  

 

As shown in Fig. 7, the fast components of the TA and TRMC profiles seem to be 

similar to each other and the slow components for TRMC show almost no change with time. 

Thus, the fast components of TA and TRMC profiles can be directly compared when a 

constant value (shaded area) is added to the TA signals as shown at the bottom of Fig. 7. It 

is clear that the fast component of TA signals shows similar decay to that of TRMC signals. 
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This indicates that the majority of charge carriers undergo recombination in this time range. 

This suggests that the slow component observed in the TRMC signal is due to a minor 

amount of long-lived charge carriers.  Consequently, these charges must have a high 

mobility due to the relative strength of the long-lived TRMC signal. We further discuss the 

influence of BHJ morphology and thin film microstructure on charge carrier dynamics in 

conjunction with the presence of long-lived, high mobility charge carriers. 

 

Although the absolute value of conductivity is difficult to evaluate in our TRMC 

apparatus because of a lack of reliable standard samples, it is interesting to discuss our 

results in comparison to quantitative TRMC studies of P3HT:PC61BM films.26 The observed 

conductivity σ (= µΦCS) of charge carriers increased dramatically after thermal annealing of 
P3HT:PC61BM films. This was explained by the growth of PC61BM crystallites in the P3HT 

polymer matrix. After adequate annealing, the TRMC measured mobility reached a value of 

1 x 10-1 cm2V-1s-1, which is similar to that of polycrystalline PC61BM films obtained by TRMC 

measurements (4 x 10-2 cm2V-1s-1 and 3 x 10-1 cm2V-1s-1).27 This indicated that the TRMC 

signal for P3HT:PC61BM films was dominated by the mobility of electrons in crystalline 

PC61BM. It is reasonable to expect the electron mobility in crystalline PC61BM to be larger 

than the hole mobility in the polymer domains at room temperature. It should be noted that 

the electron mobility of C60 single crystals has been evaluated to be 1.1± 0.1 cm2V-1s-1 by 

the time-of-flight (TOF) method, while mobility values of PC61BM and PC71BM single crystals 

are not available.28 

 

As discussed above, the PC61BM crystallite growth that occurs through thermal 

annealing of P3HT:PC61BM films has been associated with increased polymer fullerene 

phase segregation. We previously reported that PDPP-TNT and PC71BM are well 

segregated in PDPP-TNT:PC71BM films due to the fact that PC71BM could be rinsed away 

from the film by hexane without removing any polymer.8 This segregation is beneficial for the 

transport of holes in the polymer and electrons in the fullerene. Accordingly, we attribute the 

TRMC signal seen in PDPP-TNT:PC71BM to electrons in PC71BM, similar to the TRMC 

signal in annealed P3HT:PC61BM films.   

 

TRMC measured mobility in polycrystalline PC61BM films (4 x 10-2 cm2V-1s-1 and 3 

x 10-1 cm2V-1s-1)27 is much larger than that of PDPP-TNT:PC71BM blend films obtained from 

PhotoCELIV (µ = 7 x 10-4 cm2V-1s-1) and TA (µ = 5 x 10-4 cm2V-1s-1) measurements. This 
difference can be attributed to the type of charge carrier motion being probed.9 Since TRMC 

is an AC conductivity measurement, the signal intensity reflects back-and-forth drift motion 
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of charge carriers within 100 ps, induced by the microwave electric field (9 GHz). 

Accordingly, TRMC mobility is strongly affected by microstructure of the sample. In this 

context, the relatively low mobility in PDPP-TNT:PC71BM obtained from PhotoCELIV and TA 

in the present study suggests that the motion of the majority of electrons in PC71BM domain 

is significantly influenced by trapping. Grain boundaries in PC71BM domains are most 

probably responsible for such charge carrier trapping.   

 

Next, the difference between the ns-TA and TRMC signal transients for 

PDPP-TNT:PC71BM Mix films (Fig. 7) will be addressed. As discussed above, the TRMC 

signal in the present study is composed of two components, fast and slow decay signals. 

The fast-decay component reflects charge recombination of the majority of charge carriers 

as evidenced by the fact that the decay profiles are similar to the recovery profiles of the 

ns-TA signals. This indicates that the majority of charge carriers, for which the motion is 

dictated by trapping at grain boundaries between PC71BM crystallites, undergo fast 

recombination. As discussed above, the long-lived component in the TRMC transients 

reflects the motion of a minor amount of charge carriers. A large TRMC signal from such a 

minor amount of charge carriers suggests that these carriers possess a high mobility. High 

mobility is expected for electrons in PC71BM crystallites free of grain boundaries. 

Accordingly, electrons in single crystal domains isolated from other crystallites are most 

probably responsible for the long-lived signal in TRMC transients.  

 

For P3HT:PC61BM, a comparative study between ns-TA and TRMC measurements 

was carried out.29 Accordingly, the decay of ns-TA profiles was very similar to that of TRMC 

in the time range from 100 ns to 100 µs. This means that the same charged species were 
detected by both ns-TA and TRMC for P3HT:PC61BM, which is in contrast with what was 

observed in the present study for PDPP-TNT:PC71BM. This discrepancy could be attributed 

to differences in charge trapping properties. Namely, for P3HT:PC61BM, a majority of charge 

carriers experience trapping / de-trapping and thus both long-lived ns-TA and TRMC signals 

are observed. On the contrary, for PDPP-TNT:PC71BM, a majority of charge carriers 

undergo recombination as observed in ns-TA measurements (Fig. 5). As discussed above, a 

minor amount of charge carriers, having high mobility, contributes to the long-lived signal of 

TRMC. This suggests that such charge carriers are located in isolated single crystal 

domains of PC71BM, and the number of these carriers is too small to be detected by ns-TA 

measurements.  

 

In order to discuss the slow components of the TRMC signal in more detail, TRMC 
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measurements on the micro-second time scale were carried out under different excitation 

intensities (Fig. 8). As shown in Fig. 8, the decay profiles are not sensitive to Iabs. This 

behavior is similar to that observed in TA measurements for P3HT:PC61BM films.19 The 

decay profiles cannot be fit to simple second-order kinetics. The profiles can be fit to a 

power-law dependence (t-β) using the value β = 0.3. Such a power-law dependence has 
been often observed in the recombination kinetics of polymer OPV materials measured 

using TA.18,19 Such a power-law dependence has been associated with charge carrier 

recombination limited by thermally activated de-trapping processes.20,21 

 

The characteristics of the decay profiles measured with ns-TA and TRMC can be 

related to the structure of the BHJ film. As shown in our previous studies, PDPP-TNT forms 

a network of nanofibers within a PC71BM matrix in Mix films. From the fact that efficient 

charge collection occurs in Mix films, these nanofibers overlap and form a well-connected 

percolation path for charge transport. (Figure 9). As mentioned above, PDPP-TNT is well 

segregated from PC71BM in the Mix films; PC71BM forms nano-sized crystals which also 

overlap and provide a charge percolation pathway. Grain boundaries exist between PC71BM 

crystallites within the transport network. Such a film structure can be associated with the 

majority of charges which undergo recombination which is described by the fast-decay 

component of TRMC profiles. We propose that a minor amount of highly crystalline PC71BM 

is isolated from the conducting, charge percolation network of PC71BM. The long-lived 

TRMC signal can be associated with a minority of electrons that are located in these isolated 

regions. Electrons in these isolated regions have access to a limited donor-acceptor 

interfacial area in contrast to electrons in the well-connected percolation network which can 

travel longer distances and sample a large donor-acceptor interfacial area throughout the 

film. Thus, the recombination rate of charges in the conducting network is determined by the 

mobility of electrons while the recombination rate of electrons in isolated regions is limited 

by the mobility of holes. The power-law dependence in Fig. 8 is in agreement with hole 

transport dominated by trapping.18-21 Accordingly, the isolated electrons may give a strong, 

long-lived TRMC signal because of high AC-drift mobility and slow recombination. 

 

Conclusion 
Generation and recombination dynamics of charge carriers in PDPP-TNT:PC71BM were 

studied by means of TA and TRMC. From fs-TA profiles, we conclude that the efficiency of 

charge generation is not dominated by geminate recombination but limited by exciton 

diffusion in the films. From ns-TA measurements, the charge recombination rate constant γeh 

was estimated to be γeh = 1 x 10-9 cm3s-1, which is similar to that obtained by PhotoCELIV 
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previously. From the difference between TA and TRMC transients, we conclude that majority 

of charge carriers undergo fast recombination owing to their location in a well-connected 

conduction network. A minor amount of electrons are located in isolated crystalline domains 

of PC71BM, free form other crystallites and grain boundaries, and contribute to a long-lived 

TRMC signal. The charge carrier dynamics of PDPP-TNT:PC71BM films are significantly 

different from those of P3HT:PC61BM films. This is attributed to a difference in charge trap 

properties.  
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Scheme 1 Molecular structure of poly{3,6-dithiophene- 2-yl-2,5-di(2-octyldodecyl)- 

pyrrolo[3,4-c]pyrrole-1,4-dione-alt-naphthalene} (PDPP-TNT) 

 

 

 

 

  

17 
 



 

 

0 1000 2000
Delay time (ps)

 4.9 
 2.5
 1.2
 0.61
 0.31
 0.15
 0.11

0 1000 2000

 4.6
 2.3
 1.2

 0.57
 0.29
 0.14
 0.10

Delay time (ps)
0 1000 2000

-1

-0.5

0

Delay time (ps)

 5.7
 3.9
 1.9
 0.97
 0.48
 0.26
 0.13

(∆
A 

/ I
ab

s
) [

ar
b.

 u
ni

t]

(a) (b) (c)Pristine pDPP-TNT CF film Mix film

µJcm-2 µJcm-2

µJcm-2

 

Fig. 1 Time profiles of transient absorption normalized by the excitation light energy 

absorbed by a sample specimen per pulse Iabs in (a) pristine PDPP-TNT film, (b) CF film, 

and (c) Mix film at various excitation fluences.  
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Fig. 2 Iabs dependence of transient absorption signal at just after excitation pulse (0.25 ps) 

(a) and at 2000 ps (b). 
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Fig. 3 Time profiles of transient absorption in pristine PDPP-TNT film, CE film, and Mix film 

under weak (Iabs ~ 0.1 µJcm-2) excitation conditions (solid lines). The profiles are fitted by 
single exponential function with an offset value (broken lines). 
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Fig. 4 Possible charge generation model for the CF and Mix films of PDPP-TNT:PC71BM. 

The CF film has larger polymer and fullerene domains; the Mix film contains bundles of 

polymer nanofibers and smaller domains which allow for more efficient charge generation 

because the majority of excitons can reach an interface between PDPP-TNT and PC71BM 

within their lifetime. 
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Fig. 5 Temporal profiles of TA signals in nano-second time region excited at Iabs = 0.8  

µJcm-2 and Iabs = 0.06 µJcm-2 for the Mix films. 
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Fig. 6 Absorbance change (-∆A) at just after excitation as a function of Iabs for the Mix films. 
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Fig. 

7 Comparison of temporal profiles between TA and TRMC signals at strong (Iabs = 0.8 

µJcm-2) and weak (Iabs = 0.06 µJcm-2) excitation conditions for the Mix films. 
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Fig. 8 The decay profiles of TRMC in wide time range for the Mix films. 
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Fig. 9 Possible structural model for the Mix films of PDPP-TNT:PC71BM. Polycrystalline 

PC71BM domains exist amongst a network of PDPP-TNT nanofibers. Grain boundaries may 

act as electron traps. Isolated regions of PC71BM surrounded by PDPP-TNT may allow for 

long-lived electrons with a high mobility. 
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