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Abstract 

A key challenge in achieving control over photocurrent generation by bulk-heterojunction organic solar 

cells is understanding how the morphology of the active layer impacts charge separation and in 

particular the separation dynamics within molecularly-intermixed donor-acceptor domains versus the 

dynamics between phase-segregated domains. This paper addresses this issue by studying blends 

and devices of the amorphous silicon-indacenodithiophene polymer SiIDT-DTBT and the acceptor 

PC70BM. By changing the blend composition, we modulate the size and density of the pure and 

intermixed domains on the nanometre lengthscale. Laser spectroscopic studies show that these 

changes in morphology correlate quantitatively with the changes in charge separation dynamics on the 
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nanosecond timescale, and with device photocurrent densities. At low fullerene compositions, where 

only a single, molecularly intermixed polymer-fullerene phase is observed, photoexcitation results in a 

~30% charge loss from geminate polaron pair recombination, which is further studied via light intensity 

experiments showing that the radius of the polaron pairs in the intermixed phase is 3-5 nm. At high 

fullerene compositions (≥ 67%), where the intermixed domains are 1-3 nm and the pure fullerene 

phases reach ~4 nm, the geminate recombination is suppressed by the reduction of the intermixed 

phase making the fullerene domains accessible for electron escape. 

1. Introduction  

Organic solar cells (OSC) have been reported with power conversion efficiencies exceeding 10 %,1-3 

making them a promising third-generation photovoltaic technology. The photoactive layer of a typical  

OSC is a blend of a conjugated polymer and the derivative of the fullerene C60 (PC60BM) or the less 

symmetrical C70 (PC70BM). Photoexcitation of these blends results in photoinduced charge separation 

between the polymer and fullerene, and charge transportation to the device electrodes. Whilst early 

models of device function employed structural pictures of the photoactive layer based on the formation 

of well defined, and chemically pure, polymer and fullerene phases, it is now understood that many 

donor polymers are highly miscible with fullerenes, forming complex film structures in which pure 

polymer and/or fullerene phases co-exist with a molecularly intermixed polymer-fullerene phase.4-9 

Such complex, but more realistic, structural models are motivating studies of the correlations between 

film morphology and the processes of charge generation and device function in OSC.6,8,10-19 In this 

study, we address this issue for blend films and devices employing an amorphous donor polymer 

silaindacenodithiophene donor (SiIDT-DTBT) previously shown to exhibit high miscibility with 

PC60BM.20 Our study employs a range of blend ratios to modulate the blend morphology and both 

rigorous structural and spectroscopic characterization allowing us to quantitatively analyse the 

correlations between blend structure and device performance.  

Charge photogeneration in OSC is the process of formation of dissociated, coulombically unbound 

electrons and holes that can freely move through the film generating photocurrent. Charge generation 

is initiated by light absorption by the polymer and/or the fullerene, forming singlet excited states (called 
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excitons) exhibiting finite diffusion lengths of typically 3-10 nanometres.21,22 This exciton diffusion length 

imposes a severe limit on the maximum lengthscale of polymer -fullerene phase separation in the blend 

film for efficient exciton dissociation. For example, for an exciton diffusion length of 5 nm, requiring 90% 

of excitons to reach a donor: acceptor interface implies a diffusion length of ~ 1.6 nm, or pure domain 

diameter of ~ 3.2 nm. For some crystalline donor polymers, such as P3HT and DPP-based polymers, 

blend films exhibit relatively modest polymer photoluminescence (PL) quenching (60 - 80 %), indicative 

of the formation of pure polymer domains on lengthscales approaching exciton diffusion lengths.23,24 

However, most polymer:fullerene blends employed in efficient OSC show very high polymer PL 

quenching yields (>95%), indicative of very efficient polymer exciton dissociation in a polymer: fullerene 

phase intermixed on a molecular lengthscale of < 1 - 2 nm.25 Given that in most (but not all) blend films, 

polymer light absorption is responsible for most photocurrent generation, such intermixed domains will 

play a key role in photocurrent generation, as has been suggested in recent studies.5,10,26 It is important 

to note that such short lengthscales start to approach the diameter of individual PC70BM molecules (~ 1 

nm) and the monomer repeat unit length (and exciton wavefunction delocalisation length) of many 

donor polymers.22,27,28 A further consideration for charge separation in such blend films is coulomb 

attraction of photogenerated electrons and holes after exciton dissociation, which can result in the 

formation of bound electron-hole pairs. The coulomb capture radius of such electron-hole pairs is 

typically estimated in the range of 2 - 20 nm (depending upon definition and means of calculation / 

measurement), of a similar or longer lengthscale than the lengthscale of phase segregation in the 

blend film. 12,29,24 Unravelling these overlapping lengthscales, and their impact on device performance, 

is therefore a significant challenge, and the key focus of this manuscript. 

Charge recombination losses following exciton dissociation play a key role in limiting OSC device 

efficiency.11,30,31 Taking place primarily in the photoactive layer, these can be classified as either  

geminate recombination, typically associated with recombination of bound electron-hole pairs, and non-

geminate recombination of dissociated charges; both are thought to be strongly dependent on film 

nanomorphology.10,32 For example, recent ultrafast transient absorption spectroscopy (TAS) studies 

and theoretical calculations have provided evidence that efficient charge generation and dissociation 

(i.e.: generating spatially uncorrelated electrons and holes) is associated with the tendency of PC60BM 
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to form pure,17,33,34 aggregated domains in most polymer:fullerene blend films with a PCBM content 

above the ‘miscibility’ threshold.6,10,29 Such pure PCBM domains have been suggested to provide a 

high density of highly delocalised acceptor states, allowing ultrafast electron delocalisation aiding 

successful electron-hole dissociation.35,36  Aggregation has also been suggested to increase the PCBM 

electron affinity, creating an additional energetic offset to aid charge separation.10,29 Analogous 

energetic shifts have been reported for polymer aggregation / crystallisation.35 Recent Monte Carlo 

simulations have provided a theoretical framework for such observations, suggesting that the energetic 

offsets between pure (aggregated) and mixed (amorphous) domains, as well as local energetic 

disorder, may aid the dissociation of coulombically attracted electron-hole pairs.29,32  

In this study, we therefore investigate the relationship between photocurrent generation and film 

structure on the nanometre length scale in the polymer:fullerene pair of silaindacenodithiophene 

(SiIDT-DTBT): PC70BM. SiIDT-DTBT (see figure 1) is representative of a range of relatively amorphous 

indacenodithiophene based polymers which have been shown to be highly miscible with PC70BM, while 

still sustaining efficient photocurrent generation in optimal, typically 1:3, blend compositions.20  In the 

present study, blends with different compositions were fabricated to allow us to study the impact of film 

nano-structure on the charge generation dynamics. In particular, employing this approach, we 

investigate whether photophysical descriptions of charge separation determined the highly crystalline 

model blend system pBTTT:PCBM15,17,37-39 can be extended to an amorphous blend more 

representative of many technologically relevant OPV blends, and determine in particular the relevant 

structural and photophysical length scales in this amorphous blend which determine the efficiency of 

charge separation.  Using a combination of electron microscopy and photoluminescence spectroscopy 

we identify that this material system forms a single polymer:fullerene phase in the blends with low 

fullerene composition and a mix of pure fullerene and intermixed polymer:fullerene phases in the 

blends with excess fullerene. Time-resolved spectroscopy of films and devices reveal that initial 

electron transfer is independent of the structure of the films and it takes place primarily within the 

intermixed polymer:fullerene phase on a sub-picosecond timescale. Geminate charge recombination 

on the nanosecond timescale is however highly sensitive to the structure of the films. Its suppression 

requires the formation of fullerene aggregates within the Coulomb capture radius of the blend 
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(estimated herein to be approximately 3-5 nm) providing an energy landscape for efficient electron 

migration away from the hole. At sub-optimal PC70BM compositions, whilst efficient charge collection is 

still possible under strong reverse voltage bias both geminate and non-geminate charge recombination 

severely limit photocurrent generation under short circuit conditions. 

2. Results 

2.1. Morphology of SiIDT-DTBT:PC70BM blends  

Figure 1a presents the TEM images of spin-coated SiIDT-DTBT:PC70BM blend films with 1:1, 1:2 and 

1:4 polymer:fullerene weight ratios. A clear evolution in the structure of the films is seen with the 

addition of excess fullerene to the blend. The TEM image of the 1:1 blend appears mostly uniform, 

indicating the film is dominated by one highly-intermixed polymer-fullerene phase rather than a mix of 

phase separated polymer and fullerene phases. This result is consistent with the highly amorphous 

nature of SiIDT-DTBT, which shows no clear signatures of pi-pi or lamellar stacking in wide-angle X-ray 

scattering measurements of un-annealed as cast films.20 The TEM images of the 1:2 and 1:4 blends 

are however much coarser, consisting of contrasting dark and bright patches, indicating the separation 

of fullerene-rich domains (dark areas) out of the intermixed phase.40 The fullerene domains appear with 

approximate diameters of ~ 1.7 nm and 4 nm in the 1:2 and 1:4 blend respectively (as estimated from 

the TEM images). These fullerene domains appear embedded with a paler regions assigned to the 

intermixed phase, with the widths of these intermixed regions being approximately ~ 3 nm and ~ 1 nm 

for the 1:2 and 1:4 blends respectively. The mixed domain appears more interconnected through the 

film.  

Photoluminescence quenching was used as a further probe of blend morphology. Figure 1b compares 

the relative photoluminescence intensities of five SiIDT-DTBT:PC70BM blends with 4:1, 2:1 , 1:2 1:4 

and 1:10 weight ratios after film excitation at 510 nm, as well as neat SiIDT-DTBT and PC70BM films. 

The absorption of the films agrees with previously published spectra and is included in the supporting 

information (SI).20 The SiIDT-DTBT photoluminescence is very strongly quenched in all blends 

reaching ~ 98 % for the 4:1 blend and > 99% for all others. Such high yields of quenching are 

consistent with the morphological picture built by our TEM analysis and confirms that SiIDT-DTBT and 
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PC70BM are highly miscible and tend to form an intimately mixed polymer:fullerene phase instead of 

pure polymer domains even in blends with 80 % polymer. 

 

Figure 1: (a) Representative TEM images of the SiIDT-DTBT: PC70BM blends with 1:1, 1:2 and 1:4 

compositions, at which the appearance of pure fullerene domains is observed. (b) Normalized 

photoluminescence spectra of five SiIDT-DTBT: PC70BM blends excited at 510 nm. The emission of 

PC70BM is corrected for light absorption at the excitation wavelength. SiIDT-DTBT emission is included 

as a reference.  

In contrast to the high polymer emission quenching, the PC70BM emission is only fully quenched in the 

polymer-rich 4:1 and 2:1 blends. More modest fullerene PL quenching is observed in the 1:2 blend, 

whilst the fullerene-rich 1:4 and 1:10 blends show strong fullerene emission. These reductions in 

fullerene PL quenching coincide with the appearance of detectable pure fullerene domains in the TEM 

images of the 1:2 and 1:4 blends (Figure 1b). These PL quenching data allows us to approximate the 

size of the PC70BM-rich domains by using a simple model based on PC70BM exciton diffusion in a pure 

spherical domain with quenching at the domain interface.10 Assuming a unity quantum yield of the 

fullerene exciton quenching at the fullerene/polymer interface, we can use the equation 𝐿 =

 𝐿𝐸𝑋 (1 −  𝑃𝐿𝑄)1/2 to estimate the radius of the PC70BM domains. Here, L is the mean distance the 

exciton travels before quenching; PLQ is the photoluminescence quenching yield and LEX is the 

fullerene exciton diffusion length. We use the known diffusion length of PCBM excitons of 3.2 - 5 nm, 

determined experimentally with time-resolved laser spectroscopic techniques.41,42 Using this analysis, 

we obtain L values of 1.8 - 2.9 nm in the 1:4 film and 1.0 - 1.5 nm in the 1:2 film, indicating pure 

fullerene domain diameters of 3.6 - 5.8 nm in the 1:4 blend and 2 - 3 nm in the 1:2 blend. Table 1 
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summarizes the results from the PL and the TEM analysis of the domain sizes, which show good 

agreement between these two measurements. In summary, we conclude that the SiIDT-DTBT: PC70BM 

blends with high polymer-loading consist of a single intermixed polymer:fullerne phase, whilst the 

blends with excess fullerene consist of two coexisting phases that are a pure fullerene and a finely 

intermixed polymer-fullerene phase. 

Polymer/PCBM 
blend ratio 

Intermixed 
phase width 
from TEM [nm] 

PCBM Domain 
size from PLQ 
[nm](a) 

PCBM 
domain size 
from TEM 
[nm] 

4:1 n/a <1  n/a 

2:1 n/a <1 n/a 

1:1 continuous <1 <1 

1:2 3.1 ±1 2-3 1.7± 1 

1:4 ~1 3.6-5.8 4.0 ± 1  

1:10 n/a 4.6-7.6 n/a 

Table 1. Domain widths (diameters) of PCBM and intermixed phases estimated from TEM and PL 

results. (a) employing 3.1 - 5 nm PCBM exciton diffusion length.  

2.2. Exciton dynamics and charge generation 

Ultrafast transient absorption spectroscopy (TAS) was used to investigate the impact of film 

morphology on the excited state dynamics in the SiIDT-DTBT:PC70BM 4:1, 2:1, 1:2 and 1:4 blends and 

a neat SiIDT-DTBT film. Representative transient absorption spectra of the SiIDT-DTBT film and the 

4:1 blend film are presented in Figure 2a and Figure 2b, respectively. All data were collected with an 

excitation at 630 nm, which corresponds to the maximum of the polymer absorption, in order to study 

the charge generation dynamics from SiIDT-DTBT excitons. The neat SiIDT-DTBT film shows a broad 

exited state absorption peak with a maximum at ~1200 nm which we assign to singlet exciton 

absorption, because of its short lifetime (30 ps half-life) and ample literature assigning these type of 

NIR signals to polymer singlet excited states.43 Residual photoinduced absorption with a maximum at ~ 

1050 nm is also observed in the spectra at longer time delays, matching the absorption of the triplet 

exciton of SiIDT-DTBT recorded using microsecond transient absorption spectroscopy.44 We hence 

identify that the polymer singlet exciton can undergo intersystem crossing to the triplet manifold.  
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Figure 2: Transient Absorption Spectra at different times after photoexcitation of (a) neat SiIDT-DTBT 

and (b) 4:1 SiIDT-DTBT:PC70BM blend. (c) Single wavelength kinetics of the neat SiIDT-DTBT and the 

4:1, 2:1, 1:2 and 1:4 SiIDT-DTBT:PC70BM blends excited at the maximum of the polymer absorption 

band at 630nm with 6 μJcm-2 and probed at 1200 nm. The 850 nm kinetic of the 4:1 blend is also 

included to the graph to show the growth of the polaron signal simultaneously with the decay of the 

polymer singlet exciton. All spectra and traces were normalized for film absorption at the excitation 

wavelength.  

In the first picosecond after excitation, the TA spectrum of the 4:1 blend in Figure 2b evolves from 

polymer exciton-like into a new absorption spectrum that has a band centred at ~1000 nm. This is then 

followed by peak shifting from 1000 nm to 1150 nm in the following nanosecond. We assign the first 

spectral evolution to the dissociation of the polymer exciton via electron transfer, which leads to the 

formation of an electron on PC70BM and a hole on the polymer; thus the 1000 nm band is assigned to 

polymer hole polaron absorption. The subsequent red-shift of this band may be explained by polaron 
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thermalisation within the hole density of states.45,46 Based on the peak positions of the initial and 

relaxed hole polarons, we calculate a relaxation energy of ~160 meV suggesting significant disorder in 

the blend, as expected for the films of the relatively amorphous SiIDT-DTBT. A similar degree of 

disorder (~70 meV) has been observed for the likewise amorphous PCDTBT:PCBM system 47 

Figure 2c shows the transient absorption dynamics for the 4:1 blend at two representative 

wavelengths: 1250 nm – dominated by polymer exciton absorption in the first picosecond then by the 

weaker polaron absorption at longer times, and 850 nm – where the polaron absorption exceeds that of 

the singlet exciton. The 1250 nm signal exhibits a rapid exponential decay phase with a half-time of 0.5 

ps, which correlates with a similarly rapid rise of the polaron signal at 850 nm. We assign this signal 

dynamics to electron transfer from SiIDT-DTBT singlet excitons to PC70BM. This decay is 60 times 

faster than the 30 ps decay observed for the neat SiIDT-DTBT films and it is therefore in excellent 

quantitative agreement with our PL quenching estimate (98%) for this blend composition. We note that  

the initial transient absorption at 1250 nm in the 4:1 blend is only ~ 20% lower than the absorption of 

the exciton in neat SiIDT-DTBT, suggesting only a small contribution of faster carrier generation within 

our instrument response (200 fs). We also add that the apparent nanosecond rise in the 1250 nm 

kinetic corresponds to spectral red-shifting due to polaron relaxation rather than any polaron 

generation, as discussed in the previous paragraph. This signal red-shifting is also observed for all 

blend compositions. 

In addition to the kinetics of the 4:1 blend, Figure 2c includes the transient absorption decay at 1250 

nm for the other three studied blends of SiIDT:DTBT:PC70BM: 2:1, 1:2 and 1:4. We can thus compare 

the timescales of exciton dissociation as a function of film morphology. While the SiIDT-DTBT exciton 

in the 4:1 blend decays with a 0.5 ps time constant, the lifetime of the polymer exciton in the 2:1 blend 

is significantly shortened, limited by our instrument response (200 fs). The fullerene-rich 1:2 blend only 

shows a minor singlet exciton feature decaying on a sub-picosecond timescale, suggesting that for this 

blend the electron transfer is mostly completed within 200 fs, too. This result is congruent with 

numerous studies of other polymer:fullerene systems also showing ultrafast charge generation.33,47 

This decrease of  the time constant of electron transfer is consistent with previously observed results 
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for PCDBT:PCBM blends48 and can be explained with slightly delayed exciton diffusion limited electron 

transfer in the 4:1 blend and perhaps in the 2:1 blend, and matches the morphological picture built by 

our PL and TEM results. 

2.3. Geminate Charge Recombination Dynamics 

According to Figure 2 c the electron transfer from polymer excitons is a fast process with a near unity 

efficiency (> 98 %) for all SiIDT-DTBT:PC70BM blends. It can be considered as essentially independent 

of film morphology from the prospective of overall photocurrent generation yields, as the difference in 

exciton quenching between different compositions is just 2 %. In this section, we focus on the 

dynamics of photogenerated charges after the completion of the electron transfer process. We 

therefore recorded the polaron decay dynamics of the 4:1 blend as a function of light intensity (Figure 3 

a) and the 4:1, 2:1, 1:2 and 1:4 blends as a function of film composition (Figure 3 b). All kinetic traces 

represent the integrated polaron signals from 10 ps to 6 ns time delays. The integration was performed 

in the accessible 850 – 1400 nm spectral range to more accurately assess the hole recombination 

dynamics between the different blends.49  

Figure 3 a presents the time trace of the integrated differential absorption in the 4:1 blend recorded at 4 

different light excitation intensities, corresponding to initial exciton densities between 2.2*1017 cm-3 and 

122*1017 cm-3. These correspond to average singlet exciton separations of 17 nm for the lowest 

excitation intensity and 4.4 nm for the highest excitation intensity, assuming a uniform distribution of 

the excitons in the film. The decay dynamics of this signal, assigned to the loss of polaron absorption 

due to charge recombination, is intensity independent for the two lowest excitation densities used, 

corresponding to exciton separation distances of 9.9 and 17 nm. This indicates that the observed 

polaron recombination is dominated by geminate electron-hole recombination at these light density 

levels. Our assignment to geminate recombination is  further supported by our successful fitting of the 

polaron decay in Figure 4a with a single-exponential function, indicating a first order recombination 

dynamics. From the magnitude of the decay, we can estimate that this geminate charge recombination 

is responsible for ~30 % polaron signal loss in this 4:1 blend film. A further increase in the light 

excitation intensity (corresponding to singlet exciton separation of 5.5 nm) leads to strong reduction of 
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the polaron lifetime, assigned to the increasing dominance of non-geminate charge recombination on 

the polaron decay kinetics. Such fast non-geminate recombination is possible when more than one 

geminate electron-hole pair is generated within the volume of one bound pair. We can therefore 

estimate an effective radius for these bound electron-hole pairs of ~ 3 -5 nm (i.e. a diameter between 

the employed singlet exciton separations of 5.5 and 9.9 nm).This effective radius can be seen as the 

average carrier separation of dynamic electron-hole pairs over the timescales of geminate 

recombination.29 Our value of this effective radius suggests that geminate electron-hole dissociation 

can be considered complete when the two charges are over 3 - 5 nm apart. We note that this electron-

hole pair radius is of similar magnitude to estimates of the coulomb capture radius in such blends from 

a range of modelling and simulations studies.24,29,32,50-52 

Figure 3 b compares the polaron recombination dynamics of SiIDT-DTBT:PC70BM as a function of 

blend composition, which allows us to study the impact of fullerene aggregation on the geminate 

recombination dynamics. The polaron decays were recorded for excitation densities that generated 

intensity independent signal decays. According to our results, the 4:1 and 2:1 blends show a similar 

level of signal loss due to geminate recombination that is 30 % at 6 nanoseconds. The blends with 

excess fullerene show much lower signal loss that accounts for 16 % for the 1:2 blend and 0% within 

our noise levels for the 1:4 blend. The corresponding time-constants of geminate recombination are 2.1 

± 0.1 ns for the 4:1 and 2:1 blends and of 1.8 ± 0.2 ns for the 1:2 blend estimated from single-

exponential fitting of the kinetics (within the experimentally available time-range). This result indicates 

the strong impact of fullerene aggregation on the electron-hole polaron pair dissociation probability, 

leading to a near complete removal of the sub-6 ns geminate charge recombination losses in the high 

fullerene loading film of 1:4.  
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Figure 3: (a) Excitation fluence dependence of the decay of the hole polarons in the 4:1 blend. (b) 

Decay dynamics of the hole polarons for the SiIDT-DTBT:PC70BM blends with different fullerene 

loading in the limit of low excitation fluences (1-6 μJ cm-2). The solid lines represent single-exponential 

fits to the experimental data.  

2.4. Non-Geminate Carrier Recombination 

Transient absorption spectroscopy on the microsecond timescale was carried out to analyse the non-

geminate charge recombination losses in SiIDT-DTBT:PC70BM films as a function of composition and 

light intensity. Single wavelength kinetics acquired at 850 nm are plotted in Figure 4 a for the 4:1, 2:1, 

1:2 and 1:4 blends. They were successfully fitted with a power law function of the type, OD = tα with  = 

- 0.64 to - 0.39 providing evidence for trap-assisted bimolecular charge recombination in the films, 

typically observed for highly disordered semiconductors with an exponential charge trap state 
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distribution.53 The 4:1 and 2:1 blends have almost identical recombination dynamics, whilst the 1:2 and 

1:4 blends show a significant deceleration of the charge recombination. This observation is consistent 

with the expected impact of the addition of excess PC70BM to the blends, leading to the formation of 

nanometre-sized PC70BM aggregates which aid the spatial separation of electrons and holes and slow 

charge recombination.  

The excitation intensity dependence of charge recombination is presented for the 1:10 blend 

composition, shown in Figure 4 b. At early times up to 2 µs after photoexcitation, it is apparent that the 

kinetics become faster with increasing excitation density, assigned as previously to trap filling at high 

excitation densities, resulting in increased dominance of free carrier recombination. The recombination 

dynamics after 2 µs are independent of excitation density, with the signal varying only in amplitude. 

Such dynamics are typical of trapping / de-trapping limited recombination.53,54  

 

Figure 4: (a) Transient absorption decays on the µs timescale of the SiIDT-DTBT: PC70BM blends (4:1, 

2:1, 1:2, 1:4 and 1:10). The traces are corrected for the film thickness to give a measure of the polaron 

density in the film. The solids lines represent power law fits to the dynamics. Signals were acquired at 

850 nm after excitation of the polymer absorption band at 630 nm. The excitation fluence was adjusted 

for each film to generate near identical polaron densities. (b) Excitation fluence dependence of the 

recombination dynamics in the 1:10 blend recorded with a 630 nm excitation and probed at 850 nm. 
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2.5. Charge Dynamics and Device Performance  

SiIDT-DTBT:PCB70BM devices with four different blend ratios (4:1, 2:1, 1:2 and 1:4) were fabricated 

with standard ITO/PEDOT:PSS/Blend/Ca/Al architectures. The device J-V curves measured under 

simulated 1 sun AM1.5 conditions are included in the SI. The data show that the 1:4 blend is the most 

efficient device with a power conversion efficiency of 3.7 %, which is consistent with the reported 

efficiencies for SiIDT-DTBT:PC70BM devices.20 The photocurrent response of the devices with different 

composition were recorded under a wide range of applied bias, from -24 V to 1.5 V to study the effect 

of fullerene aggregation on the photocurrent generation properties of SiIDT-DTBT:PC70BM. In order to 

allow for a direct comparison between our device photocurrent and TAS data, we used red light 

illumination spectrally centred at 630 nm, the excitation wavelength employed in our TAS experiments 

(spectrum shown in Figure S3).  

Figure 5a presents the photocurrent densities generated by the devices under 630 nm excitation 

obtained after the subtraction of the devices’ dark current. Very different bias dependent behaviour and 

photocurrent yields are observed between the devices with a different fullerene loading. The device 

short circuit currents (JSC) vary widely between -1.1 mA cm-2 for the 1:4 device and -0.06 mA cm-2 for 

the 4:1 device. The generation of albeit small short circuit photocurrent by the 4-1 device indicates the 

possibility for charge extraction even from the highly intermixed polymer:fullerene blends. The blends 

with high fullerene loading show improved JSC accompanied by an increase in device fill factor and 

open circuit voltage (VOC) which are normally associated with slower non-geminate charge 

recombination due to the formation of electron percolation pathways. It is apparent that the corrected 

photocurrents of the fullerene-rich devices (1:2 and 1:4) are almost saturating at short circuit, and only 

increase slightly under reverse bias. In contrast, the high polymer loading (4:1 and 2:1) devices only 

exhibit significant photocurrents under a strong reverse bias, indicative of a requirement for strong 

electric fields to drive charge extraction on timescales fast enough to compete with non-geminate 

recombination.  

In Figure 5 b, we compare the photocurrent densities generated by the SiIDT-DTBT:PC70BM devices 

at short circuit (JSC) and high reverse bias (JReverseBias) where a plateau region is reached. The device 
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data are plotted together with the temporal evolution of the polaron yields as received from our TAS 

results presented in Figures 3 and 4. The device photocurrent data are corrected for active layer 

absorption and PLQ and then normalised to the 1:4 blend; as such, the data points can be understood 

as relative internal quantum efficiencies with respect to the best 1:4 blend (IQEReverseBias). The device 

absorption at 630 nm was estimated from top electrode-free devices, and does not include possible 

contributions from interference effects (The polaron yield determined by TAS is also normalized to the 

1:4 blend to allow the direct comparison of the TAS and device data as a function of blend composition. 

According to the results in Figure 5 b, IQEReverseBias is, to a first approximation, independent of fullerene 

loading, thus suggesting that the device photocurrent generation at the plateau region (very high 

reverse bias) is very efficient for all blends and it is therefore independent of film morphology. This 

implies there is no need for pure fullerene domain formation for efficient charge generation to be 

achieved. This is in agreement with our ultrafast TAS results for the blend films. Furthermore, 

photogenerated carriers can be extracted in a highly efficient way under high reverse bias, even from 

highly intermixed device active layers. We note that due to approximate nature of this analysis, and the 

modest level of geminate losses even in the 4:1 blend, we cannot determine whether geminately bound 

carriers can be harnessed under strong reverse bias. The composition dependent polaron yields at 

long delay times (400 and 1500 ns) however show some correlation with the composition dependent 

evolution of the IQESC suggesting that device photocurrent densities at short circuit may correlate with 

this timescale  polaron yields as estimate with TAS. 55,56  
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Figure 5: (a) Corrected photocurrent characteristics (-24V -0V, scatter) and standard JV curve (0-

1.5V, solid) of different blend composition SiIDT-DTBT:PC70BM devices under continuous red light 

illumination. (b) Correlation between hole polaron density as determined by TAS at different times after 

photoexcitation and device Internal Quantum Efficiencies under short circuit conditions (IQESc) and 

strong reverse bias (IQEReverseBias) All quantities were corrected for the film absorption at 630 nm (the 

excitation wavelength in our TAS), losses due to PCBM exciton emission (only in 1:4 blend) and 

normalized to the 1:4 device. Care has been taken to minimize the differences between the initial 

carrier densities between different films and the microsecond and femtosecond measurements (SI, 

Table 2). To estimate the effect of electrode reflections, we calculated an upper limited of the 

IQEReverseBias (normalization by absorption times one) and a lower limit (normalization by the absorption 

times two).  
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3. Discussion  

The spectroscopy and microscopy results presented herein allow us to develop a quantitative 

morphological picture of the SiIDT-DTBT:PC70BM films on the nanometre length scale as a function of 

blend composition and relate it to the charge generation dynamics in the films. Based on these data, 

we can divide the blend films into two main categories as depicted in Figure 6 a. In the first category, 

for blends with less than 50 wt % of PC70BM, we observe only one phase of highly intermixed 

polymer:fuellerene molecules, whilst the second category for films with >50 wt % of PC70BM, we 

observe two distinct film phases comprising a pure fullerene phase and intermixed polymer:fullerene 

phase. Such morphologies are expected for amorphous conjugated polymers like SiIDT-DTBT and 

have previously been reported for the popular PTB7 and PCDTBT polymers which are known to form 

polymer-fullerene blends with a very high degree of material mixing.8 In these films, pure fullerene 

phases appear at a certain miscibility threshold, above which fullerene domains can grow bigger than a 

few nanometres in diameter. The formation of pure, aggregated PCBM phases has been proposed to 

be a key factor in the separation of charges in such photovoltaic devices as it both increases the 

delocalisation of the fullerene acceptor states and provides an interfacial energy offset to stabilise 

charge separation.34 

In the intermixed phase, dominating the 4:1 blend, we find that the polymer PL quenching efficiency is 

> 98 %, in agreement with our TA assay of polymer singlet exciton decay dynamics. Assuming a typical 

polymer exciton diffusion length (Lex) of 5 - 10 nm, this indicates an extremely short average diffusion 

distance for polymer excitons before meeting a fullerene of 0.7-1.4 nm. Assuming a uniform distribution 

within a single, molecularly intermixed phase, an average spatial separation of PC70BM molecules in 

the film of ~ 3 nm can be estimated using typical polymer and fullerene densities (0.8 g / cm3 and 1.6 g 

/ cm3 respectively).  This implies that a polymer exciton would need to diffuse only 1.5 nm to be 

quenched by a fullerene (neglecting wavefunction delocalisation), which is in agreement with our 

estimate of the average polymer exciton diffusion distance estimated above. We note that even for this 

lowest fullerene composition blend, a 1.5 nm diffusion distance is similar to the length of 2 

benzothiadiazole units along the polymer chain, and to the probable delocalisation of the polymer 
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exciton, as  implied from TD-DFT calculations.44 For higher fullerene compositions, we observe 

essentially instantaneous (< 200 fs) polymer exciton dissociation without any requirement for exciton 

diffusion. These results indicate that the fullerene composition in the intermixed domain is high enough 

such that photoexcitations always generate excitons effectively directly adjacent to a fullerene. They 

also show that charge generation can be efficient in intermixed polymer:fullerene phases without the 

presence of pure fullerene domains, which is consistent with the frequent reports of polymer:fullerene 

blends that exhibit very high polymer photoluminescence quenching yields (with the exception being 

blends with crystalline donor polymers which can exhibit large pure polymer domains).23,25,57,58 Overall, 

the presence of this molecularly intermixed phase ensures that dissociation of the polymer excitons is 

very efficient with an overall yield of >99 % for all the blends studied, except for the 4:1 where we 

estimate a minimal 2% loss. 

In addition to a molecularly intermixed phase, the SiIDT-DTBT:PC70BM films also form a second 

fullerene-rich phase at high fullerene blend compositions, as in the 1:2 and 1:4 blends studied herein. 

Our results and conclusions on the impact of this morphology change upon blend function are 

illustrated in figure 6. From the TEM and PLQ results summarised in Table 1, we estimate the diameter 

of the PC70BM aggregates to be  4 - 6 nm in the 1:4 blend and 2 - 3 nm in the 1:2 blend. We observed 

from PLQ that the formation of such large fullerene domains results in a significant fullerene exciton 

decay to ground state during fullerene exciton diffusion, as illustrated in Figure 6a, corresponding to an 

~ 20% loss of quantum yield for the 1:4 blend, which will result in some loss of photocurrent generation. 

Similar losses in the dissociation yields of the fullerene excitons have been reported previously and are 

understood in terms of diffusion limited exciton dissociation due to pure fullerene domain formation with 

sizes similar to or bigger than the fullerene exciton diffusion length, 3-5 nm.40,59 However, the presence 

of these domains also plays a key role in reducing geminate and non-geminate charge recombination 

losses within the blend, as we discuss below, such that optimum device performance is achieved at 

higher (1:3 or 1:4) blend ratios. 
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Figure 6: Summary of the blend composition dependence of the geminate losses, non-geminate 

recombination lifetimes and PLQ of the blend constituents as a morphological assay. (a) Schematic 

representation of the charge photogeneration and carrier recombination process in SiIDT-DTBT:PCBM 

devices of for a high polymer loading blend (left) and a high PCBM loading blend (right). Red 

represents hole density and blue electron density (b).  

After concluding that polymer excitons are efficiently separated in all SiIDT-DTBT:PC70BM 

compositions, we focus on the impact of fullerene aggregation on the dissociation of the polarons 

generated by exciton separation, and in particular upon the role of this aggregation in reducing 

geminate and non-geminate recombination losses. From Figure 3 we find that intensity independent 

polaron recombination on the nanosecond timescale, assigned to geminate charge recombination is 

significant in blends lacking pure fullerene domains. However this geminate recombination loss 

pathway is composition dependent, leading to a 30% charge loss in the 4:1 and 2:1 blends, 16 % in the 

1:2 blend and 0% in the 1:4 blend (Figure 6a). This result is in agreement with our recent report of field 

independent charge photogeneration in an operating SiIDT-DTBT:PC70BM 1:3 device, and it shows 

that the formation of pure fullerene domains within the SiIDT-DTBT:PC70BM intermixed phase has a 

strong impact on the charge separation dynamics of this polymer:fullerene blend. This result is also 

consistent with a recent report that in blends with the crystalline polymer PbTTT, fullerene aggregation 

can substantially suppress geminate recombination losses, and previous report that blends with higher 

fullerene composition exhibit a weaker requirement for a large LUMO level energy offset to avoid 

geminate recombination losses.60,61 We note that both theoretical and experimental studies have 
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demonstrated that fullerene aggregation can impact upon charge dissociation by creating an additional 

energy offset between pure and mixed domains due to well dispersed fullerenes have a 0.1 eV higher 

electron affinity than the aggregated fullerenes.10 In addition, such fullerene aggregation provides more 

delocalised electron states and a higher electron mobility to facilitate electron motion away from the 

fullerene.34 

Increased fullerene composition also correlates with slower non-geminate charge recombination and 

improved charge extraction. The retardation of non-geminate recombination with fullerene aggregation, 

as summarised in Figure 6a, most probably derives from the localisation of electrons in the aggregated 

fullerene domains due the increase in fullerene electron affinity with aggregation, thereby increasing 

the spatial separation of electrons and holes.29 We note that at low fullerene compositions, charge 

collection at short circuit becomes very inefficient, both due to faster non-geminate recombination and 

most probably slower electron transport due to the absence of pure fullerene domains.11,62 In contrast, 

at strong reverse bias, charge collection becomes efficient independent of fullerene composition, 

indicating that strong electric fields can enable efficient charge extraction for all blends and  consistent 

with our observation of efficient charge generation for all the blend compositions studied herein.  

From our studies at low fullerene compositions, a key observation is that at high laser excitations 

densities, non-geminate recombination can become faster than geminate recombination. This allows 

us to estimate the average separation of the bound polaron pairs undergoing geminate recombination 

in the molecular intermixed phase to be 3-5 nm. It is apparent that that this distance is large enough 

such that several fullerenes reside in the volume spanned by each bound polaron pair, thus providing 

accessible electron accepting sites for random electron hopping during the lifetime of bound electron-

hole pairs in the intermixed phase (and most likely for also analogous polymer polaron motion). The 

large average separation of these bound charges can be most obviously attributed to the balance 

between coulomb attraction, which will tend to pull the charges together, and local energetic 

inhomogeneities, which will tend to favour partial separation of the charges at local energetic minima. 

We note the behaviour of these geminate pairs is likely to evolve with time as the charges become 

increasingly trapped at these local energetic minima.  
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The size of the bound polaron pairs (3-5 nm) determined herein is large compared to the phase 

segregation length scales determined from our TEM and PL quenching data (intermixed region widths 

of 1-3 nm). As such, it can be concluded that geminate pairs generated in an intermixed phase do not 

need to diffuse as bound pairs within the mixed phase to access an interface with fullerene domains. 

Rather, at least for blend compositions ≥67% fullerene, fullerene domains will be present within the 

diameter of such geminate pair, enabling these fullerene domains to directly aid the dissociation of 

these geminate pairs. This conclusion is consistent with the results of kinetic studies from the model 

blend system pBTTT:PCBM and P3HT:PCBM that the presence of fullerene aggregates suppresses 

geminate recombination,10,15,17,36-38 and indicates that the results obtained for this highly crystalline 

system, which forms polymer:fullerene co-crystals, can be extended to the more amorphous blends 

often employed in OPV devices. It is also consistent with the suppression of geminate recombination 

by these fullerene aggregates occurring directly upon polaron formation, without requiring a 

subsequent slow diffusion process, as recently  concluded for the pBTTT:PCBM by Banerji et al.37 

Based on our morphological and functional data results, we can build a more complete picture of the 

charge separation dynamics in the amorphous blends studied herein, and in particular the impact of 

fullerene aggregation. This is summarised in Figure 6b where we distinguish between the two types of 

morphologies of the SiIDT-DTBT:PC70BM blends: one with just an intermixed polymer:fullerene phase 

(the 4:1 blend) and another with both intermixed and pure phases (the 1:4 blend). These figures are 

drawn to scale based on our morphology analyses detailed above. The 3-5 nm radius of bound polaron 

pairs formed in the absence of aggregated fullerene domains is included as the shaded grey circle. In 

the 4:1 blend, photoexcitation results in both the generation of bound electron-hole pairs which 

undergo geminate recombination (~ 30% yield) and the generation of dissociated charge carriers (the 

remaining 70%). This ability to generate dissociated charges (albeit with only a 70 % yield) in the 

absence of fullerene domains is most probably associated with the reasonably large energy offset ECS 

driving charge generation in this blend.30,63-65 However the absence of any phase structure to drive 

spatial separation of electrons and holes, and the absence of pure fullerene domains to facilitate rapid 

electron transport, these dissociated charges undergo relatively fast non-geminate recombination 

losses and a poor charge collection efficiency (except under strong reverse bias). The presence of 
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aggregated fullerene domains suppresses the formation of bound charge pairs and the resultant 

geminate recombination losses. Using our TEM analysis we estimate that the size of the intermixed 

phase in the 1:4 blend is ~1 nm, while the fullerene domains have an average diameter of ~ 4 nm. This 

means that in the 1:4 blend, experiencing no measurable geminate charge recombination losses, the 

size of the electron-hole pairs (generated by polymer excitons in the intermixed phase) extends over 

neighbouring pure fullerene domains. Considering these overlapping length scales, it is easy to 

understand that pure fullerene domains present in this blend, which provide both more delocalised 

electron acceptor orbitals and an increased electron affinity, are able to suppress the formation of 

bound polaron pairs and therefore prevent significant geminate recombination losses in this blend.  

4. Conclusions 

The photoactive films studied herein comprise blends of an amorphous ‘push-pull’ low bandgap 

polymer SiIDT-DTBT with the fullerene acceptor PC70BM. Our TEM and PLQ morphology analyses 

indicates the presence of a singlet molecularly intermixed phase at low fullerene compositions, whilst at 

high fullerene compositions a biphasic morphology is observed with both an intermixed phase and pure 

fullerene domains. Exciton diffusion limitations within the pure fullerene domains provide a modest 

limitation on photocurrent generation from fullerene excitons. Efficient charge generation from polymer 

excitons is observed for all blend films studied, independent of the presence of aggregated fullerene 

domains. However, in the absence of pure fullerene domains, ~ 30 % of these photogenerated charges 

undergo geminate recombination. In addition, for these low fullerene content blends, efficient charge 

collection is only possible at strong reverse bias, attributed to faster non-geminate recombination and 

slower electron transport in the absence of pure fullerene domains. In bi-phasic blends with higher 

fullerene loadings, the presence of pure fullerene domains suppresses geminate recombination losses. 

This is attributed to the radius of bound polaron pairs, herein estimated  to be 3-5 nm, being larger than 

the width of the intermixed regions (1 -3 -nm) such that all photogenerated electrons are able to directly 

access pure fullerene domains, facilitating their spatial separation from photogenerated holes. Our 

results therefore provide a clear picture of the impact of photocurrent generation in these blend films, 

with exciton dissociation occurring within molecular intermixed polymer / fullerene domains, but with the 
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presence of pure fullerene domains being critical to suppress both geminate and non-geminate 

recombination losses and to enable efficient charge extraction and device performance.   

5. Experimental 

Materials 

The polymers studied here are synthesized by co-polymerization of SiIDT with and 4,7-di(thiophen-2-

yl)-benzo[c][1,2,5]thiadiazole (DTBT) following published procedures.20 The electron acceptor in this 

study is [6,6]-Phenyl-C71-butyric acid methyl ester  (PC70BM) purchased from Sigma Aldrich. 

OPV Device and Thin Film Preparation 

ITO-coated glass substrates (Psiotec, 15 Ω sq−1) were cleaned by successively sonicating in detergent 

DI water, DI water, acetone and iso-propanol. The substrates were then exposed to oxygen plasma 

cleaner (Diner Femto) for 7min. PEDOT:PSS (HC Starck, Baytron P AI 4083) was filtered  through 

0.45μ m RC filter and deposited by spin-coating 3500 rpm, 30 s. The PEDOT/PSS layer was then 

annealed on a hotplate in air 150 ° C, 20 min.  

 

The polymer SiIDT-DTBT and PC70BM solutions were dissolved in chlorobenzene (>99%, Sigma 

Aldrich) with 25mg/ml. The different blend ratio solutions 4:1, 2:1, 1:2, 1:4 and 1:10 were prepared 

about an hour before spin coating by combining PC70BM and SiIDT-DTBT solutions and vigorously 

stirring them. For devices, the blend solution was deposited onto PEDOT:PSS coated substrates in air 

by static spin-coating  with 2500 rpm for 60 seconds. The devices were transferred in glove box for 

evaporation. Finally, Calcium (20nm) and Aluminium (100nm) was evaporated under vacuum 2.0  10-6 

mbar, defining an active device area of 0.045 cm2.  

The films used for the spectroscopic studies were coated on glass substrates cleaned, treated and spin 

coated following exactly the same procedures as for the coating of the ITO glass substrates during 

device fabrication. The films for Transmission Electron Microscopy were prepared using a standard film 

floating technique. 

Device Characterization 
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Devices J-V characteristics were tested by using Keithley 238 Source Measure Units. Illumination was 

provided using a 300 W xenon arc lamp solar simulator (Oriel Instruments) and calibrated using a 

silicon photodiode in order to ensure the illumination intensity of 100 mW / cm2, at 1 sun AM 1.5. 

During the measurements, the devices were kept in nitrogen environment in a sealed chamber.  

Corrected photocurrents were obtained from pulsed J-V measurements to minimize temperature 

differences in the light and dark, as well as device heating from possible large injection currents at far 

reverse bias.44 The light source was integrated 1 sun equivalent provided by a ring of 11 white LEDs, 

which were pulsed by interrupting their power supply using a fast MOSFET switch; the light was on for 

2 ms and off for 420 ms. For red light measurements the white LEDs were replaced with red LEDs with 

a maximum emission wavelength of 630 nm. The spectrum can be seen in the SI.  The pulsed voltage 

source was provided by a Keithley 2400 SourceMeter and the current measured on a Tektronix 

TDS3032B oscilloscope across 50 Ω. 

Transient Absorption Spectroscopy  

TAS measurements on the µs timescale were carried out with a home build system consisting of an 

Optical Parametric Oscillator (Opolette 355) pumped by a Nd:Yag laser used as an excitation source 

and the output of a Tungsten lamp (Bentham, IL 1)  used as a broadband probe light source. The 

signals were detected by Si (Hamamatsu Photonics) or InGaAs (Hamamatsu Photonics) photodiodes. 

The photodiodes were housed in separate pre-amplifiers and connected to an electronic band pass 

filter (Costronics Electronics). An Oscilloscope (Tektronics, TDS220) synchronized with a trigger signal 

from the laser excitation source was used for data collection. In all measurements, the excitation pulses 

were set to 630 nm and had a nominal 20 ns pulse width. The samples were kept under a nitrogen 

atmosphere in a quartz cuvette. Optical cut-off filters and a monochromator were used to reduce laser 

scattering at the silicon photodiode from the excitation source and to adjust the probe light wavelength 

to 980 nm.  

Femtosecond transient absorption spectroscopy was carried out using a commercially available 

transient absorption spectrometer, HELIOS (Ultrafast systems). Samples were excited with a pulse-

train generated by an optical parametric amplifier, TOPAS (Light conversion). Both, the spectrometer 
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and the parametric amplifier were seeded with a 1 KHz, 800 nm, 100 femtosecondSolstice Ti:Sapphire 

regenerative amplifier (Newport Ltd). Samples were kept in a cuvette under Nitrogen atmosphere. 
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lengthscale is shown to control the separation dynamics of photogenerated charges. Laser spectroscopic 
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fullerene and pure fullerene domains influence strongly geminate charge recombination on the 
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