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ABSTRACT  

Small-molecule (SM) ‘nonfullerene’ acceptors are promising alternatives to fullerene 

(PC61/71BM) derivatives often used in bulk heterojunction (BHJ) organic solar cells; yet, the 

efficiency-limiting processes and their dependence on the acceptor structure are not clearly 

understood. Here, we investigate the impact of the acceptor core structure (cyclopenta-[2,1-b:3,4-

b′]dithiophene (CDT) vs. indacenodithiophene (IDTT)) of malononitrile (BM)-terminated 

acceptors, namely CDTBM and IDTTBM, on the photophysical characteristics of BHJ solar cells. 

Using PCE10 as donor polymer, the IDTT-based acceptor achieves higher power conversion 

efficiencies (8.4%) than the CDT-based acceptor (5.6%) due to a concurrent increase in short-

circuit current and open circuit voltage. Using (ultra)fast transient spectroscopy we demonstrate 

that reduced geminate recombination in PCE10:IDTTBM blends is the reason for the difference 

in short-circuit currents. External quantum efficiency measurements indicate that the higher energy 

of interfacial charge transfer states observed for the IDTT-based acceptor blends is the origin of 

the higher open-circuit voltage.  
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Organic photovoltaic (OPV) devices are predominantly based on solution-processed bulk 

heterojunction (BHJ) photoactive layers, typically composed of an electron-donor, a conjugated 

polymer or small molecule, and an electron-acceptor molecule, often a fullerene PC61/71BM.1-3 

Until recently, fullerene derivatives prevailed as acceptors for high performance OPV devices,4-9 

while device efficiencies with ‘nonfullerene acceptors’ (NFAs) remained limited.10-11 However, 

NFAs have now reached performance parity with fullerene acceptors and several materials even 

outperform fullerenes in terms of efficiency and (photo)stability.12-19 Very recently, a new record 

efficiency of 13% achieved with novel NFAs has been demonstrated.20 Owing to the 

demonstration of higher power conversion efficiencies achieved with NFAs, efforts to design and 

synthesize novel NFAs have considerably increased.21-23  

Several advantages such as lower costs, the possibility to tune the band-gap,24 strong optical 

absorption,25 and improved photostability are key factors making NFAs very attractive.26 In fact, 

by tuning the optical and electronic properties, open-circuit voltages, VOC,27 often higher than those 

achieved with fullerene acceptors can be obtained. Furthermore, the increased absorption of the 

photoactive layer and the broader spectral coverage of the solar spectrum should be conducive to 

higher short-circuit current densities, JSC,28 than those possible with fullerenes. Better control over 

the acceptor’s energy levels with respect to the donor material can help to further increase the 

power conversion efficiencies,29 which is not trivial when fullerene-based acceptors are used.  

 Among the vast number of donor polymers available to date, PCE10 is now widely used 

as a model system in OPV devices.30 Applications of PCE10 as donor polymer in solar cells with 

fullerene acceptors have yielded power conversion efficiencies of up to 10%. Nevertheless, 

implementation of NFAs in conjunction with PCE10 is still limited, and even more limited is the 

insight into the photophysical processes that determine the efficiency of PCE10:NFA devices. In 
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short, our general understanding of the physical processes occurring in BHJ solar cells is as 

follows: photoexcitation of the bulk heterojunction creates bound electron-hole pairs (Frenkel-type 

excitons).31-32 The excitons dissociate at the donor-acceptor interface, which in intimately mixed 

blends leads to ultrafast exciton quenching on a time scale of less than hundred femtoseconds (fs). 

Exciton quenching by interfacial charge transfer eventually leads to the formation of interfacial 

charge transfer (CT) states and spatially-separated (free) charge carriers.33 Ultimately, the free 

charges drift-diffuse through the donor and acceptor network and are collected at the electrodes, 

resulting in a photocurrent in the external circuit. However, in the case of large-scale donor-

acceptor demixing, diffusion of excitons can also be observed on the timescale of several 

picoseconds (ps) in addition to ultrafast dissociation.34 Furthermore, CT states generated upon 

charge transfer at the interface may not dissociate entirely into free charges, if the charges cannot 

overcome their mutual Coulomb attraction. These CT-states recombine geminately, typically on 

the timescale of hundreds of picoseconds to several nanoseconds. Recent theoretical insights into 

what determines the efficiency of the interfacial CT state dissociation have demonstrated that the 

driving force for the CT state splitting depends on the quadrupole moments of the donor and 

acceptor, as well as roughness of the interface.35-38 Furthermore, free charge carrier extraction 

competes with nongeminate recombination, potentially leading to low fill factors.34 Both geminate 

and nongeminate recombinations are loss channels that reduce the quantum efficiency of the solar 

cell. From a spectroscopic viewpoint, geminate and nongeminate recombinations can be 

distinguished by their distinct light intensity dependencies, their dynamics dependent differently 

on carrier density. CT states are coulombically-bound charges localized and immobilized at the 

donor-acceptor interface. Hence, their decay is typically fluence independent. In contrast, 

nongeminate recombination of free charge carriers is more probable at higher carrier densities, i.e. 
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at higher light intensities. Nongeminate recombination can also lead to the population of the triplet 

state, as spin correlation is lost when charges are fully separated, and recombination of free charges 

follows spin-statistics leading to preferential triplet state formation, which can impact device 

performance and stability.   

  In this study, we investigate the impact of the chemical structure of the NFA core on the 

photophysical processes that determine the device efficiency. Blending the SM acceptor IDTTBM 

and the commercial low-bandgap polymer donor PCE10 yields power conversion efficiencies in 

excess of 8% – efficiencies that are significantly higher than those achieved with the structurally-

related SM acceptor CDTBM that has been reported previously by us.39 Here, we use PCE10 as 

donor polymer for reasons of consistency with our previous study on CDTBM, which showed 

good device performance. Furthermore, we focus on the comparison of the impact of the acceptor’s 

core structure on the device performance and photophysics rather than on further evaluation of the 

acceptors’ performance when combined with different donor polymers. Specifically, we employ 

optical spectroscopy, including time-resolved photoluminescence and transient absorption (TA) 

spectroscopy to disentangle the various charge generation and recombination channels and to 

examine their impact on device performance in these two structurally-related systems. Our 

findings indicate: 90 % of the charges generated upon photoexcitation in the PCE10:IDTTBM 

blend system are spatially-separated and undergo nongeminate recombination, if not extracted, 

compared to 71 % in the PCE10:CDTBM blend system. This is in excellent agreement with the 

internal quantum efficiencies (IQE) determined for the two blend systems in actual BHJ solar cells, 

precisely 90 % vs. 74 %, implying that geminate recombination is a more significant loss channel 

in PCE10:CDTBM, leading to lower photocurrents. Our experimental results are supported by 

theoretical calculations, which demonstrate a larger quadrupole moment of the IDTTBM acceptor, 
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which in turn improves CT-state dissociation, as well as smaller energetic disorder in IDTTBM 

domains, favoring more efficient electron transport and smaller 𝑉𝑜𝑐 reduction. In fact, the energy 

of the interfacial CT states is found to be higher in PCE10:IDTTBM, largely explaining the 

difference in the open-circuit voltage between the two systems. Finally, we conclude that field-

dependent generation or nongeminate recombination competing with extraction are not important 

loss processes in these blends, which is consistent with their fill-factors in excess of 60%. 

Materials and Device Performance. The steady-state absorption spectra of PCE10 and the 

NFAs in neat films, and the J-V characteristics of optimized PCE10:NFA devices are provided in 

Figure 1. The CDTBM and IDTTBM acceptors carry the same terminal (2-(benzo[c][1,2,5]-

thiadiazol-4-ylmethylene)-malononitrile) electron-withdrawing groups (BM) (Figure 1a), 

appended because of their strong electron-withdrawing character, resulting in low-lying LUMO 

energy levels. The principal structural difference between the CDTBM39 and IDTTBM40 acceptors 

is their core: CDTBM uses cyclopenta-[2,1-b:3,4-b′]dithiophene (CDT) as the core and IDTTBM 

uses a more extended indacenodithiophene (IDTT) core.   

 Steady-state absorption spectra of neat PCE10 films, CDTBM films, and PCE10:CDTBM 

blends alongside the respective IDTTBM and PCE10:IDTTBM samples are shown in Figure 1b 

and 1c, respectively. The absorption of PCE10 is broad, ranging from 550 to 780 nm, with vibronic 

peaks at 644 nm and 710 nm. CDTBM exhibits a broad absorption band peaking at 677 nm 

however, a clear vibronic structure is not observed. IDTTBM films absorb mostly in the spectral 

region from 550 nm to 850 nm, with a peak absorption at 677 nm and a vibronic progression at 

663 nm. Comparing the absorption spectrum of PCE10 with both acceptors shows that their 

absorption largely overlaps. However, CDTBM has a broader absorption than IDTTBM, extending 

further into the spectral region of 800-900 nm, as shown in Figure 1b). Hence, the 
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PCE10:CDTBM blend’s absorption spectrum extends also further into the red spectral region, 

peaking at 722 nm, compared to that of the PCE10:IDTTBM blend, which peaks at 720 nm. The 

reason for the lower energy absorption of CDTBM compared to the absorption of IDTTBM is not 

obvious. However, aggregation of the smaller acceptor core structure of CDTBM in the solid state 

could lead to a red-shift of the absorption spectrum, which also explains the rather featureless 

shape of the absorption spectrum.  

Thin-film BHJ solar cells with inverted device structures, ITO/a-ZnO41/PCE10:SM/MoO3/Ag, 

and a device area of 0.1 cm2 were fabricated and tested under AM1.5G solar illumination at an 

irradiance of 100 mW/cm2. More specifically, CDTBM-based cells were fabricated according to 

the optimized conditions reported in our previous work (2:3 wt./wt.).39 This material system was 

cast from chlorobenzene (CB) with 0.8% 1-chloronaphthalene (CN) as additive, whereas 

optimized PCE10:IDTTBM blend BHJ devices (1:1 wt./wt.) were cast from CB (cf. details in SI). 

Figure 1d depicts the current density-voltage (J-V) characteristics of optimized CDTBM and 

IDTTBM-based BHJ solar cells with PCE10 as the polymer donor. As previously reported, 

optimized PCE10:CDTBM devices reached maximum PCEs of up to 5%.39 Here, the PCE has 

been improved further compared to our previous work, to average PCE values of 5.3% (max. PCE 

5.6%), a short-circuit current (JSC) of 12.7 mA/cm2, an open-circuit voltage (VOC) of 0.67 V, and 

a fill-factor (FF) of 62% as shown in Table 1. BHJ devices made with the IDTTBM acceptor 

achieved higher average PCEs of 8.1% with a maximum value of 8.4% because of higher JSC > 15 

mA/cm2, increased VOC of 0.83 V, and similar FF of 63%.  
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Figure 1. a) Chemical structures of the nonfullerene acceptor molecules CDTBM, IDTTBM, and 

of the donor polymer PCE10. b) Normalized steady-state UV-Vis absorption spectra of neat 

PCE10, CDTBM, and PCE10:CDTBM (2:3 wt./wt.) blends. c) UV-Vis absorption of neat PCE10, 
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IDTTBM, and PCE10:IDTTBM (1:1 wt./wt.) blends. d) J-V characteristics of PCE10:CDTBM 

and PCE10:IDTTBM devices.  

The JSC values measured from optimized CDTBM and IDTTBM-based BHJ solar cells (Table 1) 

are consistent with the corresponding values from spectrally-integrated external quantum 

efficiency (EQE) measurements presented in Figure S1. From ellipsometry measurements and 

transfer matrix simulations, the maximum Jsc was estimated as 18.5 mA/cm2 for PCE10:CDTBM 

(2:3 wt./wt.) and 18.6 mA/cm2 for PCE10:IDTTBM (1:1 wt./wt.) for their respective optimal 

thicknesses ( 65 nm and  80 nm, respectively). Further details of the ellipsometry experiments 

are presented in Figures S2 and S3. The strong photoresponse from both devices in the spectral 

region of 1.55-2.2 eV is consistent with the absorption spectra of the materials as shown in Figure 

1b and 1c. The corresponding internal quantum efficiency (IQE) spectra inferred from EQE and 

blend absorptance as determined from a combination of data from photothermal deflection 

spectroscopy (PDS) and UV-Vis spectrophotometry experiments are shown in Figure 2a and 2b. 

Here, the IQE was calculated from the EQE signal and the absorption A(E) measured by PDS, 

EQE(E)/A(E),42 further details are given in the SI. Maximum IQE values of 74 % for CDTBM and 

90 % for IDTTBM were found in the range of 1.6 eV-2.2 eV. The low-energy tail of the sensitive 

EQE measurement was fitted with a Gaussian to determine the CT-state energy according to the 

method previously described by Vandewal et al.39 The estimated values of the CT-state energy are 

1.34 eV and 1.48 eV for PCE10:CDTBM and PCE10:IDTTBM, respectively. We note that the 

difference in CT-state energy can (to a large extent) be ascribed to the difference in LUMO 

energies between the two acceptors: -4.27 eV for CDTBM and -4.03 eV for IDTTBM as 

determined from cyclic voltammetry measurements and the absorption onset of the materials. As 

can be seen from Figure 2, the IQE response for PCE10:IDTTBM and PCE10:CDTBM steadily 
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decreased below the bandgap. As reference, we determined the IQE characteristics for the system 

PCE10:PCBM, shown in Figure S4. We confirmed that the IQE remains high even below the 

bandgap of the blend, as reported earlier for many other polymer:fullerene blends.42 The reason 

for the steady drop of the IQE observed for the PCE10:NFA blends requires further studies. Here 

we conclude from our measurements, that the observed difference in CT-state energies explains 

well the difference in open-circuit voltage observed for the two systems.  

Table 1. Figures of merit of optimized PCE10:CDTBM (2:3 wt./wt.) and PCE10:IDTTBM (1:1 

wt./wt.) devices. 

 

 

Photovoltaic Blend D/A Ratio VOC 

 [V] 

JSC 

 [mA/cm2] 

JSC(EQE)  

[mA/cm2] 

FF 

[%] 

Max. PCE  

  [%] 

 

PCE10:CDTBM 

 

2:3 0.67±0.01 12.7±0.4 

 

12.5±0.4 62±1.3 

 

5.6 

PCE10:IDTTBM 1:1 0.83±0.01 15.5±0.34 15.8±0.4 63±1.3 8.4 
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Figure 2. Steady-state blend absorptance A(E) determined by PDS and UV-Vis measurements, 

sensitive EQE(E) measurements, and the calculated IQE(E) of a) PCE10:CDTBM and b) 

PCE10:IDTTBM devices. The insets display the sensitive EQE data fitted with a Gaussian to 

obtain the CT state energy. 
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Density functional theory calculations. We performed density functional theory (DFT) 

calculations using the B3LYP functional and 6-311g(d,p) basis set. Optimized geometries of 

CDTBM and IDTTBM in their neutral states are shown in Figure S5. For CDTBM we show three 

conformers with different orientations of the BM groups with respect to the core. The lowest 

energy conformer (formation energies are summarized in Table S1) is CDTBM-tt. This conformer 

has a large dipole moment of approximately 10 Debye. The second lowest in energy conformer, 

CDTBM-ct, has practically no dipole moment, while the third conformer, CDTBM-cc, has a dipole 

moment of ca 4 Debye. IDTTBM has no dipole moment in its lowest energy conformation. The 

reason for the absence/presence of the dipole moment in the ground state is the symmetry of the 

conjugated core of the donor. The CDT unit has a mirror symmetry (reflection in the zy-plane), 

while the conjugated core of the IDTT donor has an inversion center. Since S and N heteroatoms 

coordinate better with hydrogens, the ground states of the entire molecules have a mirror or an 

inversion symmetry, including the BM groups. This symmetry determines whether the dipole 

moments of two donor-acceptor subunits compensate each other or not. The ground state dipole 

moment has a clear impact on the width of the density of states: larger dipole moments lead to 

broader density of states, which typically has an effect on the charge carrier mobility. In addition, 

a broader density of states leads to a reduction of the chemical potential of holes in the acceptor 

and thus a larger reduction of VOC with respect to the photovoltaic gap, namely IPdonor – EAacceptor, 

which is also observed experimentally (see above). CDTBM and IDTTBM have different lengths 

of conjugated donor cores. A direct implication of this is a much larger value of the quadrupole 

tensor. The actual values of the diagonal elements of the quadrupole tensor are also given in Table 

S1. The quadrupole moment affects both the solid-state energy level alignment and the efficiency 

of the CT state splitting. 35-38 The exact effect on the CT state splitting and level alignment depends 
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on the orientation of acceptor molecules at the interface. If we assume, for both CDTBM and 

IDTTBM, a particular orientation that helps splitting CT states (as both solar cells are efficient), 

the quadrupole moment of IDTTBM is almost twice as large as that of CDTBM, hence the 

electrostatic driving force for CT state splitting will be almost higher in IDTTBM. In addition, this 

force impedes geminate recombination of CT states and therefore should increase the short circuit 

current, which is again observed experimentally.43  

 

Time-resolved spectroscopic studies. To understand the origin of the device performance 

difference across the two NFA systems, exciton and charge carrier dynamics were studied by time-

resolved photoluminescence (TRPL) and transient absorption (TA) pump-probe spectroscopy. We 

specifically address the difference in photocurrent by transient spectroscopy across a time range 

from picoseconds to microsecond (ps-µs). Using TA, exciton dissociation and fast (sub-ns) charge 

recombination were examined on the ps-ns timescale, whilst slower recombination of spatially-

separated charges was investigated on the ns-µs timescale.  
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Figure 3. Time-resolved photoluminescence data of the PCE10:IDTTBM system: a) Picosecond 

time-resolved spectra after excitation at 600 nm (delay times denoted in the legend). b) Time-

integrated spectra of a neat PCE10 film, IDTTBM film, and PCE10:IDTTBM blend. c) 

Component spectra obtained by multivariate curve resolution (MCR) analysis of PCE10:IDTTBM 

blend PL spectra. Component 1 is assigned to photoluminescence from PCE10 and component 2 

to PL from IDTTBM due to the spectral similarity to the emission of neat film shown in b). d) 

Transients of components fitted with single exponential decays. The inset describes a larger time 

window up to 400 ps.  
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Exciton quenching and charge transfer. Steady-state PL (quenching) data is presented in 

Figure S6 for PCE10:IDTTBM and PCE10:CDTBM blends. We reported previously that the PL 

quenching in PCE10:CDTBM is around 99 %.39 Here, a further investigation of the exciton 

dynamics was performed by transient PL measurements on PCE10:IDTTBM blends following 

excitation at 600 nm using a Streak camera system. The transient PL spectra of the 

PCE10:IDTTBM blend are shown in Figure 3a for different time delays. The equivalent data of 

PCE10:CDTBM are shown in Figure S7. The blend spectra are broad and featureless and peak at 

740 nm instantly after excitation. The spectra show a pronounced red shift in the first 16 ps, with 

another feature becoming apparent around 800 nm. The PL transients of neat IDTTBM and the 

blend were fitted with single-exponentials; the associated PL lifetimes obtained from the fits are 

97 ps and 36 ps, respectively, confirming the occurrence of exciton quenching in the blend. To 

obtain further insights into the spectral evolution, we plotted the normalized spectra of neat PCE10 

and IDTTBM films alongside the spectra of the blend as shown in Figure 3b. The features 

observed at 750 nm and 800 nm in the blend spectrum match the PL maxima of the donor and 

acceptor components. Hence, we conclude from the spectral shape, that the observed PL spectra 

of the blend consist of convoluted spectra of both the donor polymer PCE10 and the acceptor 

IDTTBM, as both are present in the blend. In order to distinguish the contributions of the two 

components, we performed multivariate curve resolution (MCR) analysis.44 The results of MCR 

are shown in Figure 3c. The component spectra obtained from MCR analysis are similar to the PL 

of the neat materials (see Figure 3b). However, we note that the peak position of component 1 as 

obtained from MCR analysis and assigned to the emission of PCE10 in the blend, is blue-shifted 

compared to the experimentally-determined steady-state PL spectrum of PCE10. We hypothesize 

this could be caused by dilution of PCE10 polymer chains in the blend with the NFA, leading to 
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more disorder in the polymer and thus some emission from higher-lying sites in the density of 

states.  

Furthermore, MCR was also used to determine the component-associated dynamics, which are 

depicted in Figure 3d for a time range of up to 100 ps, and in the inset up to 400 ps. Fitting the 

component-associated decays to single exponential functions yields PL lifetimes of PCE10 and 

IDTTBM emission in the blend of 10 ps and 35 ps, respectively.  

The fluorescence decays were further analyzed by a simple kinetic model (Figure S8), assuming 

that two parallel decay channels exist for the excitons, namely recombination to the ground state 

(via a combination of radiative and non-radiative processes) and charge transfer at the interface, 

creating charge-transfer states. We use this simple model here, as we found it accurately describes 

the PL dynamics. Furthermore, adding more decay processes would lead to over-parametrization 

of the model, while not yielding additional insights. We denote the decay rate associated with the 

fluorescence of the excited state (exciton) to the ground state as kF, and analogously the rate of 

charge transfer from the excited state to the interfacial CT-state as kCT. Hence, the exciton 

quenching efficiency due to charge transfer can be deduced from the following expression: 𝜑𝐶𝑇 =

𝑘𝐶𝑇

𝑘𝐶𝑇+𝑘𝐹
. By fitting the PL decays of both components, we found for the concomitant excitation of 

PCE10 and IDTTBM (kCT+kF)=1·1011 s-1 and 2.9·1010 s-1, respectively. The values of kF were 

obtained from the PL transients of the neat materials as 1.9·1010 s-1 for PCE10 and 7.8·109 s-1 for 

IDTTBM, respectively. From these values kCT was calculated and the efficiencies φ(CTPCE10) and 

φ(CTIDTTBM) were estimated to 82 % and 73 %, respectively. Thus, it appears that the charge 

transfer efficiency from PCE10 to the acceptor, namely φ(CTPCE10), is higher than from the 

acceptor to the donor polymer, namely φ(CTIDTTBM). However, we note that due to the limited time-
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resolution of the Streak camera system (1-2 ps in our setup), mostly excitons, which did not 

immediately undergo ultrafast charge transfer, are monitored. In other words, excitons that 

undergo diffusion-limited dissociation are detected by our transient PL experiment. In comparison, 

for PCE10:CDTBM, values of φ(CTPCE10) and φ(CTCDTBM) were estimated as 66 % and 50 %, 

confirming that the charge transfer efficiency is higher from PCE10 compared to that from the 

acceptor molecules CDTBM. Furthermore, the charge transfer efficiency is higher, 82 %, in the 

case of PCE10:IDTTBM compared to that estimated for PCE10:CDTBM, 66 %, indicating more 

efficient exciton quenching from PCE10 in the former.    
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Figure 4. a) ps-ns TA spectra of PCE10:CDTBM thin-film blends. b) ps-ns TA spectra of a 

pristine CDTBM film. c) Charge carrier dynamics probed in spectral windows of 0.95-1.15 eV 

(green dots) and 1.2-1.35 eV (blue dots). Note that the band monitored at 1.2-1.35 eV exhibits 

clearly a faster decay. d) Excited state dynamics monitored at the position of the photo bleach band 

(1.67-1.71 eV)  of the PCE10:CDTBM blend for different excitation fluences. Note: The shaded, 

highlighted area in a) and b) indicates the spectral region affected by the optical filters used to 

attenuate the probe spectrum in this region.       
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ps-ns exciton and charge carrier dynamics. Figure 4a shows the ps-ns TA spectra for different 

delay times for a PCE10:CDTBM blend. The TA spectrum consists of the ground state bleach 

(GSB) spanning the region from 1.6-2.2 eV and a broad photoinduced absorption (PA) in the 

spectral range of 0.95-1.35 eV peaking 3 ps after excitation. The decay of the PA was found to be 

faster in the spectral region of 1.2-1.35 eV compared to the spectral region of 0.95-1.15 eV, 

indicating that different states contribute to the PA. We assign the fast decay observed in the region 

between 1.2-1.35 eV to quenching and dissociation of CDTBM singlet excitons, while the slower 

decay is attributed to ps-ns charge recombination. This assignment is supported by TA experiments 

on thin films of the neat acceptor CDTBM as shown in Figure 4b and by the spectra of neat PCE10 

shown in Figure S9. A broad and unstructured ground state bleach band in the region of the 

CDTBM absorption is apparent in the neat film, which is different in shape from the GSB observed 

in the blend however, it matches the TA observed from neat PCE10. Furthermore, the PA band 

observed for the neat CDTBM film is significantly narrower compared to the PA of neat PCE10 

and the blend and it peaks around 1.22 eV. Here, we assign the PA in the region of 1.2-1.35 eV to 

exciton-induced absorption of CDTBM. Comparing the spectra of the neat CDTBM film and the 

PCE10:CDTBM blend, it becomes clear that the faster decaying PA feature in the blend is at the 

same spectral position as the exciton-induced absorption observed in the neat CDTBM film, hence, 

the assignment of this part of the PA to excitons. We note, that in the blend, the excitonic PA 

feature vanishes after 300-450 ps, and thereafter the remaining PA signal is solely attributed to 

charge-induced absorption. Overall, 35 % of the initial signal amplitude remain after 8 ns in the 

blend. We also note that a significant contribution to the blend’s PA stems from PCE10 cations, 

which is supported by comparing the TA spectra to the absorption spectra of chemically-oxidized 

PCE10 films as shown in Figure S10. In fact, the overall PA band is composed of PCE10 cation-
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induced absorption and CDTBM anion-induced absorption, as further confirmed from the anion-

induced absorption of CDTBM of chemically-reduced films of neat CDTBM.    

 In order to further investigate the charge carrier recombination, the associated kinetics is 

extracted at the respective bands as displayed in Figure 4c and 4d. More specifically, the fluence 

dependence of the dynamics is monitored for a series of fluences between 1.4 µJ/cm2 and 22.7 

µJ/cm2. Clearly, the charge carrier dynamics is fluence dependent, indicating that non-geminate 

recombination dominates the dynamics on this timescale. A signal rise up to 50 ps at low fluences 

and 10 ps at high fluences is observed, indicating a contribution from diffusion-limited dissociation 

of excitons at the interface to the charge generation, as also indicated from TRPL experiments 

(vide supra). Figure 4c shows the charge carrier dynamics extracted from the spectral regions of 

1.2-1.35 eV and 0.95-1.15 eV. Here, the higher-energy region exhibits a faster decay compared to 

the lower-energy region of the PA, as exemplified in Figure 4c for the lowest fluence of 1.4 

µJ/cm2. 
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Figure 5. a) ps-ns TA spectra of a PCE10:IDTTBM blend after excitation at 700 nm and b) TA 

spectra of the PA region up to 10 ps, showing an isosbestic point at 1.14 eV. c) TA dynamics 

monitored at 1.14 eV point, which is the isosbestic point.  
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 Similarly, the TA spectra and dynamics were measured for PCE10:IDTTBM films as 

presented in Figure 5a. Here, the GSB spans a range of 1.6–2.2 eV and is effectively a 

superposition of the individual GSB bands of the donor polymer PCE10 and the acceptor IDTTBM 

(Figure S10), whilst the PA band is dominated by charge-induced absorption from PCE10 cations. 

Interestingly, the spectral region probed here shows no contribution from IDTTBM anions, as 

confirmed by separate absorption measurements on chemically-reduced IDTTBM films (Figure 

S10). Here, the peak position of the PA band is at 1.05 eV and a red-shift similar to that of the 

GSB is observed. We attribute this to the relaxation of charges to lower energy sites. In addition 

to the bands mentioned above and, in stark contrast to the experiments on CDTBM, an isosbestic 

point is observed at 1.14 eV in PCE10:IDTTBM, which is clearly seen in Figure 5b. The TA 

signal amplitude at the isosbestic point stays constant throughout the first 10 ps, while the TA 

signal (the PA) decays at higher probe photon energies and raises at lower probe photon energies. 

At the isosbestic point, the changes of the contributions of exciton-induced PA and charge-induced 

PA to the total signal amplitude cancel during charge transfer. In other words, the exciton-induced 

PA signal reduces, and simultaneously the charge-induced PA signal rises by the same amount, 

thus the net change remains zero and the total signal amplitude becomes an exclusive measure of 

the carrier recombination dynamics. The associated charge carrier dynamics monitored at the 

isosbestic point are depicted in Figure 5c; they correspond to the population of the charge carrier 

pool and indicate: almost no charge carrier loss occurs in the first 10 ps. Furthermore, and in line 

with the results on CDTBM, the kinetics at low fluences show a rise up to 100 ps, a clear indication 

of diffusion-limited charge generation from excitons in pure PCE10 domains. On the other hand, 

for higher fluences such as 11.5 J/cm2, the delayed (diffusion-limited) charge generation is less 

prominent and even absent for 23 J/cm2, indicating the presence of exciton-charge annihilation 
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and/or fast carrier recombination due to the high excited state densities generated at higher fluences 

in the TA experiments. As shown in Figure 4c, the kinetics show an instantaneous rise and 

subsequent decay after 10 ps. We note that comparing the exciton lifetimes from TR-PL 

experiments and charge generation dynamics from TA shows that the latter are faster compared to 

the former. As mentioned above, we hypothesize that the exciton quenching monitored by TR-PL 

spectroscopy is not representative for the entire pool of excitons, yet only for the fraction, which 

undergoes diffusion-limited dissociation. In other words, a large fraction of excitons, which is 

quenched ultrafast, faster than the time resolution of our Streak Camera system (about 2ps), is not 

detected. That this fraction is not monitored by the TRPL experiment becomes obvious when 

looking at the PL quenching efficiency obtained from steady-state PL experiments on neat 

materials and blends, which demonstrate more than 98% exciton quenching in the 

PCE10:IDTTBM blend. Thus, the reduction in lifetime does not match the quenching observed in 

the TRPL experiment. However, TA is faster (few hundred fs time resolution) and thus monitors 

also the fraction of charges, which are quenched on a sub-1ps timescale. For comparison, we have 

also presented the excited state dynamics of the PCE10:IDTTBM in Figure S11 and S12.  

ns-s charge carrier recombination. The ns-s TA measurements were conducted to evaluate 

the charge carrier recombination in both photovoltaic systems on the timescale relevant for charge 

extraction from a photovoltaic device. The obtained spectra and dynamics are shown in Figure 6. 

Excitation of the blends was carried out at 532 nm with sub-ns laser pulses. Notably, from the 

steady-state UV-Vis absorption, both the donor and the acceptor exhibit absorption at this 

particular wavelength. The TA spectrum of PCE10:CDTBM exhibit a PA signal at 1.08 eV 

(Figure 6a), which - after reaching the maximum - decays within 3 s. This PA band was assigned 

to charge-induced absorption in line with the assignment presented for the ps-ns TA experiments, 
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as on this timescale charges represent the main population in the blend. Furthermore, a ground-

state bleach was observed in the same spectral region as reported for the ps-ns TA experiments. 

Interestingly, we observe that in the case of CDTBM the early time dynamics up to 1.5 ns exhibit 

only little intensity dependence in contrast to the ps-ns dynamics. This indicates that geminate 

recombination dominates at early times after photoexcitation on the ns-µs time range, which is not 

observed in the case of the PCE10:IDTTBM blend system. However, we note that in the ns-µs 

time window the resolution of our setup is limited to about 1 ns due to the laser pulse length and 

excitation was performed at 532 nm due to experimental limitations. Furthermore, the shorter 

excitation laser pulse length (about 100 fs) used in the ps-ns TA experiments typically causes 

exciton-exciton and exciton-charge annihilation with increasing fluence.    
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Figure 6. ns-µs TA spectra for a) PCE10:CDTBM and b) PCE10:IDTTBM thin-film blends. 

Charge carrier dynamics monitored at 0.95-1.15 eV at different fluences (dots) and fits (solid lines) 

to a two-pool recombination model for c) PCE10:CDTBM and d) PCE10:IDTTBM blends. Note: 

The shaded highlighted area in a) and b) indicates the spectral region affected by the optical filters 

used to attenuate the probe spectrum in this region.   

The fluence dependence of the charge-induced absorption dynamics is further analyzed by fitting 

the data to a two-pool recombination model as previously introduced by Howard et al.45 The fits 

to the experimental data from PCE10:CDTBM and PCE10:IDTTBM blends are depicted as solid 

lines in Figure 6c and 6d, respectively.45 The two-pool recombination model used here accounts 
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for both geminate and non-geminate recombination processes, considered as two independent 

populations however, spectrally indistinguishable. As demonstrated previously, under these 

boundary conditions the charge carrier dynamics can be described by the following equation:  

𝑌 = (𝑁0(1 − 𝑓)[1 − exp(−𝑘𝐶𝑇→𝐺𝑆)] + 𝑁0𝑓 − [𝜆𝛾𝑡 + (𝑓𝑁0)−𝜆 ]
1

𝜆)/𝑁0     (1) 

Herein, 𝑘𝐶𝑇→𝐺𝑆 is the monomolecular (geminate) rate constant, λ is the non-geminate 

recombination order, and γ is the non-geminate coefficient respectively, f is the fraction of charges 

that undergo non-geminate recombination, and N0 is the total initial population of charges. The 

values of N0 can be approximated from the fluences and the absorbance of the thin-film sample at 

the excitation wavelength as shown in the SI, Table S2, however, they may be overestimated as 

recombination can also occur within the sub-ns excitation pulse. Thus, the values of N0 were 

allowed to vary within small boundaries during data fitting to account for this effect. By fitting the 

experimentally-measured charge-induced absorption dynamics to equation (1), the recombination 

parameters are determined. A summary of all the extracted fitting parameters is provided in Table 

2.  

Table 2. Recombination parameters extracted from the two-pool model fit to the experimental data 

of PCE10:CDTBM and PCE10:IDTTBM thin-film blends. 

Parameter PCE10:CDTBM PCE10:IDTTBM 

f  0.76±0.01 0.89±0.01 

1-f  0.24 0.11 
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k /s-1 7.7×107 ± 1.34×107  5.8×108 ± 1×106  

λ+1 2.51±0.01 2.59±0.01 

(cm3)s-1 1.8×10-21 ± 4.42×10-21  1×10-21 ± 1.87×10-23  

 cm3s-1 1.83×10-13 1.63×10-12 

 

 The fitting parameters indicate that the CT-state lifetimes are different for the two blend 

systems studied here. PCE10:CDTBM exhibit an inverse rate constant of 13 ns, while 2 ns is 

determined for PCE10:IDTTBM. The latter can be considered instrument-limited, as for the ns-µs 

TA experiments an excitation pulse of about 1 ns was used. The longer CT-state lifetime observed 

for PCE10:CDTBM can be rationalized by a larger electron-hole separation, similar to what has 

been observed by Howard et al. in annealed RR-P3HT:PCBM blends.45 In addition, some charges 

may be generated in regions of the bulk heterojunction that are not connected to the charge 

percolation network. These charges undergo quasi-geminate recombination on a longer timescale. 

Furthermore, the direct comparison of the two blend systems indicates that 24 % of the charges in 

PCE10:CDTBM undergo geminate recombination, while in PCE10:IDTTBM it is only 11 %. The 

reason for the larger fraction of geminate recombination in the PCE10:CDTBM blend can be 

understood when considering the results of the DFT calculations. They demonstrate that the 

quadrupole moment of IDTTBM is almost twice as large as that of CDTBM, hence the electrostatic 

driving force for CT state splitting is almost two times higher in IDTTBM. This force impedes 

geminate recombination of CT states and therefore increases the short circuit current. Importantly, 

the substantial difference in the amount of geminate recombination is in good agreement with the 
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experimentally-observed difference in the short-circuit currents of the two blend systems. In fact, 

the extracted fractions of non-geminate recombination of 76 % and 89 % for PCE10:CDTBM and 

PCE10:IDTTBM as acceptor are similar to the experimentally-determined IQE values of the two 

systems, estimated to 74 % and 90 %, respectively. Clearly, this indicates that the free charges that 

undergo nongeminate recombination in the TA experiment could potentially be extracted as 

photocurrent from a device. Here, we argue that, as the fill factor of devices is high, nongeminate 

recombination does not appear to compete significantly with carrier extraction. Hence, the IQE 

matches the fraction of free charges obtained from TA experiments, as they can be extracted and 

as charge generation itself does not appear to be field-dependent between Voc and Jsc conditions. 

Additionally, the effective bimolecular recombination coefficients (at a carrier concentration 

roughly equivalent to one sun) were calculated to be 1.83×10-13 cm3s-1 and 1.63×10-12 cm3s-1 for 

PCE10:CDTBM and PCE10:IDTTBM, respectively. A difference of a factor of nine indicates that 

nongeminate recombination is faster (at the same carrier density) in PCE10:IDTTBM, which we 

ascribe to some extent to the higher charge carrier mobility in this system. We note that in the 

Langevin recombination model, increasing the mobility of charges increases the bimolecular 

recombination rate, in line with our results. However, at the same time the charge extraction is also 

faster hence, charge extraction can outcompete nongeminate recombination. MIS-CELIV was 

employed to determine the carrier mobility and, for both acceptors, the electron mobility was 

determined to be 3×10-5 cm2V-1s-1, while the hole mobility of PCE10:IDTTBM was found to be 

~1.6×10-3 cm2V-1s-1, that is, approximately a factor of three higher with respect to the 

PCE10:CDTBM-based devices (4.2×10-4 cm2V-1s-1). In summary, the higher nongeminate 

recombination rate does not appear to lead to substantial carrier recombination losses in an 
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operating device at 1 sun illumination conditions, likely because the carrier mobility is sufficient 

to extract carriers prior to nongeminate recombination. 

In conclusion, we have elucidated the origin of the performance increase in PCE10:NFA systems 

upon changing the acceptor core structure from CDT to IDTT. The higher open-circuit voltage of 

the IDTT acceptor-based BHJ solar cell is explained by a higher interfacial CT-state energy, while 

an increased short-circuit current was found to be a consequence of reduced geminate 

recombination as revealed by transient absorption spectroscopy. The fill-factors of the two blend 

systems are similar and both in excess of 60%, indicating that field-dependent charge generation 

and non-geminate recombination competing with charge extraction are of minor importance in 

terms of influence on device performance. Our results demonstrate that the core of the NFA 

acceptor can have significant impact on the efficiency-limiting processes in polymer:NFA systems 

and, thus, on device performance, despite similar light-harvesting properties. In particular, the 

IDTT-based acceptor has a longer core and hence a larger quadrupole moment, which facilitates 

interfacial CT state splitting and charge generation and reduces geminate recombination. Contrary 

to CDT, IDTTBM does not have a ground state dipole moment. This reduces the width of the 

density of states of this acceptor and leads to a smaller reduction of 𝑉𝑜𝑐 with respect to the 

photovoltaic gap of the blend. Our results point to the idea that the core of the NFA mediates not 

only the polymer-NFA interactions at the interface, but also the interfacial energetic landscape and 

thereby the efficiency of splitting of CT states, charge separation, and recombination at the 

interface.  
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