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Extraction of photocreated charge carriers from a prototypical all-polymer organic solar cell is 

investigated by combining transient photocurrent and time-delayed collection field 

experiments with numerical simulations. It is found that extraction is significantly hampered 

by charges getting trapped in spatial traps that are tentatively attributed to dead ends in the 

intermixed polymer network – in photovoltaic devices based on the same donor polymer and 

a fullerene acceptor this effect is much weaker. The slow-down in charge extraction leads to 

enhanced recombination and associated performance losses. These effects are observed in 

addition to the dispersive behavior that is characteristic of charge motion in energetically 

disordered media. Upon annealing the effects of spatial traps diminish, rationalizing the 

doubling in device power conversion efficiency after annealing. 

 

1. Introduction 
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Extraction of photogenerated charge carriers from organic bulk heterojunction (BHJ) solar 

cells is one of the most important processes determining device performance. Slow carrier 

extraction causes their accumulation in the active layer and, as a consequence, an increased 

bimolecular recombination, which reduces the short-circuit current and particularly the fill 

factor.[1] It is commonly assumed that the optimal morphology for efficient BHJ solar cells is 

one where photogenerated electrons and holes avoid recombination by moving via spatially 

separated percolating domains consisting (predominantly) of electron accepting material in 

one phase and donating material in the other.[2] However, such strongly phase separated 

morphologies are prone to cause extraction problems due to the formation of dead ends and/or 

isolated domains.[3] 

Fortunately, in state of the art polymer:fullerene and polymer:small molecule organic 

photovoltaic (OPV) devices performance is not limited by recombination losses during 

extraction (but mostly by voltage losses) as witnessed by large fill factors and relatively high 

internal quantum efficiency (IQE) values.[4] As a consequence, extraction of photocreated 

charge carriers can often be well described using models that consider the BHJ as an effective 

medium with the energy levels of the medium reflecting the HOMO of the donor and the 

LUMO of the acceptor.[5,6] In such models, morphological effects are only implicitly 

accounted for by the values of the (effective) transport and disorder parameters. One may 

wonder why this evident simplification works so well. It has recently become clear that one 

important reason might be that charge carriers in organic semiconductors may actually be able 

to move over relatively large distances, up to several nm, by long-range tunneling or 

molecular superexchange.[7–10] This enables transport to non-nearest neighbor sites, and 

thereby greatly relaxes the need to have connected phases of pure material for efficient charge 

transport.  

OPV devices using non-fullerene acceptors are currently receiving massive attention and start 

to outperform fullerene-based devices.[11–13] While having evident benefits over fullerenes in 
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terms of improved absorption and larger energy level tunability, charge transport and 

extraction in non-fullerene BHJ is still less understood. In particular all-polymer BHJ, in 

which both donor and acceptor materials are polymers, are in many respects in their infancy. 

While the entanglement of polymer chains in such BHJ is expected to lead to a much-needed 

increased morphological stability at elevated temperatures inherent to solar cell operation, [14] 

the same entanglement can also lead to extraction problems. Such problems are less 

pronounced in BHJ where at least one of the constituents is a small molecule where dispersion 

of a minor fraction of the small molecule in the other compound is sufficient to enable 

reasonably efficient charge transport between these molecules.[7,9] However, the required 

‘molecular’ dispersion, in which sites of a given material are located within a few nm one 

from another is much harder to realize with polymer chains containing a significant number of 

repeat units and long side chains, rendering a large fraction of the volume insulating. In all-

polymer OPV one may therefore anticipate additional transport problems associated with 

isolated polymer clusters or polymer chains forming dead ends. 

An analogous situation has been observed for 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane 

(TAPC) in a polycarbonate matrix, where the carrier mobility has been found to decrease with 

increasing electric field strength.[15] This was attributed to dead ends where carriers need to 

hop against the direction of the field to escape the spatial trap and continue drift.[16]  

Here, we combine transient charge extraction experiments with numerical modelling to 

demonstrate that in a prototypical all-polymer OPV device, consisting of TQ1 as the donor 

and N2200 as the acceptor, spatial traps indeed lead to charge extraction problems and, 

concomitantly, to increased recombination. Upon annealing the effect of these spatial traps 

largely vanishes. We have previously shown that annealing roughly doubles the device’s 

power conversion efficiency while, surprisingly, the ps-µs charge extraction kinetics were 

unaffected. We tentatively associate spatial traps with chain ends that hamper the initial, 

short-range separation of the photocreated electron-hole pair, leading to strongly enhanced 
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geminate recombination.[17] In a broader perspective, these results highlight a morphological 

problem which may occur in all bulk-heterojunction OPVs, and show that relatively simple 

processing steps, such as thermal annealing, can possibly at least partly resolve the issue. 

 

2. Results 

 

Figure 1. TDCF photocurrent kinetics for the as-cast sample at different effective generation 

voltages measured with a constant effective collection voltage Ueff = -1.47 V at a delay time 

of 0.3 μs. The inset shows the total charge extracted vs. generation voltage at Uexteff  = -1.47 V 

(blue line + symbols) and vs. extraction voltage at zero effective generation voltage, i.e. Uappl 

= -UBl = 0.47 V (red line + symbols). The black dashed line is a guide to the eye. 

 

Figure 1 shows the TDCF investigation results obtained for the as-spun TQ1:N2200 sample 

with a constant extraction (collection) delay of 300 ns but at different generation voltages 

Ugen. Note that all voltages specified here and below are effective values that account for the 

applied voltage and the built-in potential Ueff = Uappl + VBI (VBl = -0.47 V). The effective 

extraction voltage was kept constant at Uext = -1.47 V, where the minus sign corresponds to 

reverse bias. The delay time of 300 ns was chosen to make sure that the specified collection 

field was indeed fully applied at this time. Similar measurements were also performed at close 
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to zero effective generation voltage (Uappl - VBl) = 0 V by changing the collection voltage, 

yielding consistent results (kinetics not shown). The inset in Figure 1 summarizes the results, 

showing the dependence of the total extracted charge versus the generation and collection 

voltages. The strong dependence of the collected charge on the collection voltage is consistent 

with the modest fill factor of the as-cast devices.[18] The dependence on the generation voltage 

suggests that the carrier generation efficiency is dependent on the electric field, which would 

indicate a charge generation problem due to geminate recombination. In fact, in a previous 

work we used a detailed analysis of the recombination kinetics on the ps-µs timescale to 

identify field-dependent geminate recombination as the major loss channel in the as-cast 

devices compared to the annealed ones.[17]  
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Figure 2. a) Transient photocurrent created by a -1.47 V effective collection voltage switched 

at different delay times after optical excitation under open-circuit conditions (Ugeneff  = 0). b) 

Normalized conventional photocurrent transient at a constant effective voltage Ueff = -0.27 V 

(black line) and the dependence of the total collected charge on the collection delay time 

corresponding to panel (a), i.e. for Ugeneff  = 0 and Uexteff  = -1.47 V (red-yellow line with 

symbols). Measurements are taken on the as-cast device. The inset shows the normalized 

photocurrent transients at collection field switching delays of 0.3 µs and 10 µs. 

 

Figure 2a shows the dependence of the TDCF photocurrent kinetics on the collection delay 

time measured at close to zero effective generation voltage. The measurement process is 

schematically shown in the inset. These measurements correspond to open-circuit conditions 

when the built-in voltage was compensated by the applied voltage. Perfect compensation of 

the internal electric field to reach flatband is hardly possible due to band bending; 

nevertheless, the net field under these conditions is weak and is for simplicity defined as zero. 

As expected, the intensity of the photocurrent burst in Figure 2a decreases with delay time, 

which may be related to three processes. First, a decay of the charge carrier density due to 

recombination and, possibly, some diffusion to the electrodes; second, a decrease of the 

carrier mobility due to charges relaxing in the tail of the density of states (DOS) – this process 

could also be referred to as energetic trapping; third, a decay in the fraction of mobile charges 

due to charges ‘getting stuck’ in spatial traps. 

Decrease in carrier mobility can be ruled out from the fact that the shape of the photocurrent 

burst does not change with the collection delay time, as shown in the inset of Figure 2b, 

indicating that carrier mobility does not change within the used collection delay time 

(otherwise the burst would broaden by slower carrier extraction). This is expected since 

charge carrier relaxation in the DOS and the associated mobility decay usually terminate on a 

sub-microsecond time scale.[6,19,20] Consequently, the integrated areas of the current bursts 

that are plotted in the gradient curve with symbols in Figure 2b correspond to the carrier 

densities that can be extracted from the device after the delay time, reflecting the charges that 

have not recombined or moved to electrodes, and did not get stuck in spatial traps. 
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The black line in Figure 2b shows the conventional transient photocurrent response obtained 

at the same excitation intensity for a low, constant effective voltage of -0.27 V, when, 

according to the inset in Figure 1 (follow the dashed horizontal and vertical lines), no more 

than 40% of the photogenerated charge carriers were extracted (assuming all carriers are 

extracted at Uexteff  = -1.47 V). Thus, carrier extraction can only explain a minor fraction of the 

photocurrent drop at low constant voltage. This is confirmed by the fact that the conventional 

photocurrent decay (black curve in Figure 2b) reaches zero at ∼10 µs, whereas the TDCF 

measurements (red-yellow curve) show that there is still a significant amount of charge left in 

the sample after 10 µs. Since the TDCF data were taken under flatband conditions, they 

represent an upper limit to charge carrier recombination, that is, recombination in the 

conventional photocurrent experiment will be weaker, leaving more charges that could 

potentially be extracted. For these reasons, the photocurrent decay at constant voltage is only 

in part determined by recombination and extraction. Apparently, at small electric fields, a 

significant fraction of charge carriers gets trapped on a time scale of several microseconds.  

On the other hand, the slow decay of the total extracted charge in the TDCF experiments 

indicates that the carrier trapping plays a relatively minor role in carrier extraction by delayed 

collection field (red-yellow symbols in panel b). Note that, in contrast to the conventional 

photocurrent experiment in Figure 2b, the generation field in the TDCF experiments is zero. 

The straightforward explanation could be that the about 5 times stronger collection field 

facilitates the release of trapped carriers. An alternative explanation would be that carriers get 

less trapped at the flatband conditions during the waiting time in TDFC experiment, when 

their motion is caused only by undirected diffusion, but do get trapped at finite electric fields, 

when they experience directed motion by drift and reach dead ends in the phase separated 

morphology, i.e. get stuck in spatial traps. This scenario bears strong resemblance to the 

findings on the small molecule:insulator blends discussed in the introduction.[15,16] We also 
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note that charge motion under weak electric fields is of utmost relevance for device 

performance since the maximum power point of a solar cell is typically close to flatband. 

 

 
Figure 3. a) Photocurrent transient vs. time at constant field equal to the build-in field (black 

curve) and peak value of the TDCF photocurrent transient vs. collection delay time for 

different collection field strengths and directions as indicated in the inset (blue and red 

curves). b) Photocurrent transients at different collection delay times for a reversed collection 

field (blue curves in panel a), the thick blue line highlights one of the current transients. c) 

Illustration of the characteristic processes in the response to the different field profiles used in 

a). Measurements are taken on the as-cast device. 

 

To invigorate our hypothesis about the importance of spatial traps in our all-polymer OPV 

devices, we have used a modified TDCF technique. We have used an effective generation 

voltage equal to the build-in potential (Ugeneff  = -0.47 V, zero applied bias) and different 

effective extraction voltages: a) equal to the generation voltage (degenerate TDCF), b) 

increased to -1.47 V and c) reversed to 0.33 V. These measurement regimes are schematically 

shown in the inset of Figure 3a. The main panel of Figure 3a presents the results. In contrast 

to Figure 2, we here present peak values of the transient photocurrent j(t) obtained after 
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switching on the collection field, divided by the electric field strength to get the product of the 

carrier density n(t) and mobility µ(t) from 끫殮(끫毂) = 끫殶(끫毂)끫欎(끫毂)끫歲. Because of the sample capacitor 

recharging time, the photocurrent peak appears ∼250 ns after application of the collection 

voltage. However, this time is short in comparison with the carrier density decay time, so we 

may consider the 끫殶(끫毂)끫欎(끫毂) product at the photocurrent peak time identical for all three field 

profiles. 

The differences between 끫殶(끫毂)끫欎(끫毂) values obtained for the different field profiles represent 

only differences in the fraction of mobile carriers: first, the total carrier densities were 

identical because of the equal pump intensities and equal generation fields and, second, 

relaxation phenomena are unimportant at the µs time scales probed here (c.f. Figure 2b inset). 

The black line shows 끫殶(끫毂)끫欎(끫毂) under constant applied voltage, the red line shows the same 

for an increased extraction field. In absence of spatial trapping, one would not expect any 

additional extraction upon increasing the (negative) extraction voltage after the constant 

voltage curve has dropped to zero. Instead, the increased field leads to the additional 

extraction of a significant number of photocreated charges, as witnessed by the red curve 

lying above the black one. The slow decay of this component is similar to the collection 

kinetics measured at zero generation field, c.f. Figure 2b. The presence of this additional, 

field-activated component is consistent with the above made conclusions, indicating the 

presence of spatially trapped charges that can survive tens of microseconds and that can be 

extracted by stronger electric fields. 

If, as suggested above, charge carriers get stuck by drifting into dead ends that act as spatial 

traps, reversing the field should release them and give rise to a significant increase in the 

extracted charge. Figure 3b shows the photocurrent transients obtained with the reversed 

effective voltage at different collection delay times. As the thick blue curve, highlighting one 

of the current transients, shows, the field flipping increases the magnitude of the photocurrent 

drastically, even though the extraction field was slightly weaker than the generation field of 
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opposite direction. The increase is particularly strong at long delay times. The blue line in 

Figure 3a shows the delay time dependence of the peak values of the extracted photocurrent. 

The extracted photocurrent decays very slowly. Moreover, the photocurrent increases during 

the initial few µs, i.e. precisely the time range for which the decay of the photocurrent at 

constant field (black curve) was attributed to spatial carrier trapping. These observations 

confirm the occurrence of spatial trapping of photocreated charges. 

By comparing the peaks in the black and blue curves in Figure 3a, one can estimate the 

fraction of charges that get lost through spatial trapping on 0-2 µs timescales to be ∼30%. 

This number is in excellent agreement with the ∼35% of the charges that were found to be 

bound in interfacial charge-transfer states and that recombine geminately on basis of a kinetic 

analysis of transient absorption spectroscopy measurements.[17] We should point out that 

trapping itself is not a loss channel; the actual loss channel is the recombination of charges 

that do not manage to escape from their countercharge because of spatial trapping. Along the 

same lines, (spatial) trapping occurring at longer time and length scales will no longer lead to 

increased geminate recombination but will contribute to losses through bimolecular 

recombination. 

The drawing in Figure 3c illustrates our interpretation of the carrier extraction experiments. A 

fraction of the carriers drifting in one direction reach a dead end of a particular blend domain 

(process 1) and discontinue their drift. Occasionally they can overcome the barrier and 

continue to drift towards the extracting electrode, causing the weak and slow photocurrent 

component observed at constant applied voltage. This process (2) is assisted by the electric 

field. While they are trapped, charges are susceptible to (predominantly geminate) 

recombination, explaining the poor fill factor of the as-cast devices. When a reversed 

collection field is applied, charge carriers are detrapped by moving in the opposite direction 

(process 3). 
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The ns-µs timescale of the experiments in Figure 3 may appear long compared to the ps-ns 

timescales that are commonly associated with geminate recombination. However, 

conventional geminate recombination is associated with charges not escaping from the 

exciton or CT state, i.e. with electron-hole pairs that have substantial wavefunction overlap. In 

the present case, we are monitoring charges that did escape the exciton/CT state in first 

instance but get stuck afterwards. When these charge pairs eventually reform a (CT) exciton 

and recombine, the kinetics are still first order, but occur on extended time scales associated 

with the re-forming process. We note that the ns-µs timescales in Fig. 3 are consistent with 

the (geminate) recombination timescales observed in Ref. 17. 

 
Figure 4. Photocurrent transient vs. time at constant field equal to the build-in field (black 

curve) and peak values of the TDCF photocurrent transient vs. collection delay time for 

different collection field strengths and directions as indicated in the inset (blue and red 

curves). Measurements are taken on the a) TQ1:N2200 annealed and b) TQ1:PC71BM 

devices. 

 

According to the suggested interpretation, the spatial trapping effect should be a very 

sensitive probe of the blend morphology. We have therefore performed the same 

investigations of annealed samples. Annealing the investigated TQ1/N2200 solar cells 

roughly doubles their power conversion efficiency to ∼3.15%.[18] Figure 4a shows the TDCF 

investigation results for different applied field profiles. Most strikingly, the different peak 

values of the three curves that are found for the as-cast sample (Figure 3) are absent within 
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experimental resolution, indicating that the short-range spatial trapping, and the associated 

geminate recombination loss, have largely vanished. This provides a transparent explanation 

of the previously puzzling observation that the geminate recombination loss dropped from 

∼35% to ∼7% upon annealing while unaffecting long-range transport.[17] Apparently, 

annealing removes spatial traps that hamper short-range charge motion required to escape 

geminate recombination. In view of the nm length scales involved in geminate recombination, 

these dead ends are most likely associated with individual polymer chain ends. 

At longer delay times, the (blue) curve corresponding to opposite generation and extraction 

fields lies above the (red) curve corresponding to generation and extraction fields of equal 

polarity. Since the plotted data have been corrected for dark currents, the difference cannot be 

attributed to the difference in forward and reverse injection currents. Instead, they point 

towards a large fraction of charges surviving in the active layer while being spatially trapped. 

This indicates that even after annealing, spatial traps continue to play a role in this all-

polymer BHJ. As mentioned above, these trapped charges are predominantly exposed to 

bimolecular recombination. Although the associated rate constant in as-cast and annealed BHJ 

is roughly the same (essentially because the mobility is the same), the loss to bimolecular 

recombination will be largest in the as-cast films because of a starker spatial trapping, and 

presumably due to larger trap densities. Combined with the geminate loss discussed above, 

this explains the roughly factor of two difference in power conversion efficiency between the 

two devices. 

Potential minima that can occur due to band bending near contacts at near-flatband conditions 

could in principle also act as ‘spatial traps’, although it would be hard to rationalize why they 

would predominantly give rise to geminate recombination. Nevertheless, we confirmed that 

such potential wells are not at work in our experiments by comparing photocurrent transients 

at opposite (net) fields of equal magnitude. The photocurrent transients were identical and are 

presented in the SI. Since processes leading to band bending in the vicinity of contacts like 
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Schottky barrier formation,[21] thermal diffusion of charges from the contacts[22] or minority 

carrier accumulation[23] are asymmetric, the complete equivalence of the obtained current 

transients rules out such scenarios. 

In principle, also an effective medium with only diagonal disorder can give rise to dead ends. 

Diagonal disorder here refers to energetic disorder in the site energies; spatial traps would be 

considered a manifestation of off-diagonal disorder, i.e. a variation in the tunneling barrier 

between neighboring sites. In the case of diagonal (on-site) disorder, dead ends are sites that 

are connected to the percolating cluster but only from one side. Such ‘energetic dead ends’ 

might give rise to the same behavior as observed in our experiments – a charge can for 

example move into (a series of) sites by ‘easy’ hops along the direction of the applied field 

but then run into a ‘difficult’ hop and get stuck. To rule out this scenario, we ran explicit 

kinetic Monte Carlo simulations of the TDCF experiment (see SI). The results clearly did not 

match the experimental observations indicating that the diagonal disorder alone cannot 

explain the presence of effective spatial traps. 

Since we associate the spatial trapping with the specific properties of an all-polymer BHJ, we 

performed a similar investigation as above for a solar cell based on the same donor material 

TQ1, blended in a bulk heterojunction with PC71BM as acceptor in a mass ratio of 1:2.5. 

These samples showed only small differences between the transient photocurrent at constant 

applied field and the carrier concentration decays measured with the TDCF technique (see 

Figure 4b). Nevertheless, the carrier concentration extracted with the reversed effective 

voltage was slightly larger than with increased effective voltage, which indicates that spatial 

trapping still takes place in these devices. However, the spatial trapping is significantly less 

prominent than in both the pristine and annealed TQ1/N2200 blends, in line with the 

anticipated behavior of polymer:small molecule BHJ discussed in the introduction. Also, in 

view of the stoichiometry of our samples the limited spatial trapping is not particularly 

surprising. However, in previous work[24] we found a strong decrease of the electron drift rate 



  

14 

 

upon decreasing the PCBM stoichiometric ratio in blends below ∼50% by weight, which 

might point towards spatial trapping in dead ends of fullerene-rich domains under these 

conditions. 

 

3. Conclusion 

We have investigated charge carrier motion in an archetypical all-polymer organic solar cell 

by a combination of carrier extraction experiments and numerical modeling. We find that in 

the as-cast active layer, the bulk heterojunction morphology contains a significant 

concentration of spatial traps that we tentatively associate with individual polymer chain ends. 

The presence of these spatial traps manifests in a suppressed yield of free charge generation 

due to one of the charges in the splitting CT pair ‘getting stuck’ close to its countercharge, 

leading to enhanced geminate recombination. Likewise, spatial trapping of otherwise free 

charges occurs and leads to enhanced bimolecular recombination. The effects of the off-

diagonal disorder, i.e. the spatial traps, occur in addition to those of the diagonal (on-site) 

disorder that we previously identified as the cause for highly dispersive, non-equilibrium 

charge motion. While these findings highlight a morphological problem that seems most 

likely to arise in all-polymer BHJ (in BHJ based on the same polymer donor with a small 

molecule (PCBM) acceptor spatial trapping is much weaker) they also show that the number 

of spatial traps can, at least in the present case, be drastically reduced by thermal annealing. 

 

4. Experimental Section  

All-polymer solar cells of inverted geometry were prepared from poly[2,3-bis-(3-

octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1), which served as an 

electron donor, and poly{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-

2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (known as P(NDI2OD-T2), PNDI-2T or N2200) acting 

as electron acceptor.[25, 26] BHJ active layers of TQ1:N2200 (2:1 ratio by weight) were spin-

coated from a 9 g/L (total) chloroform solution on ZnO/ITO/glass substrates, yielding an 
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active layer thickness of 85 nm. A MoO3/Al top electrode was thermally evaporated through a 

shadow mask. Annealed samples were prepared by heating the substrate with the active layer 

for 10 min at 120 °C before top electrode deposition. Samples were fabricated inside an 

N2-filled glovebox and encapsulated with epoxy glue. Detailed information on OPV device 

preparation can be found elsewhere.[18] The annealed solar cells had a PCE of ∼3 %, while 

PCE of as-spun samples was roughly twice lower. 

Bulk heterojunction polymer-fullerene inverted solar cells were fabricated on pre-cleaned 

glass substrates. Ti(2 nm)/Al(80 nm)/Ti(2.5 nm) contact (cathode) was first thermally 

evaporated on glass under high vacuum conditions. The samples were exposed to ambient for 

1 minute to form TiOx. PFPA-1 in toluene with a concentration of 2 mg mL−1 was spin coated 

on top of the TiOx surface at 1000 rpm for 60s (in the glovebox), followed by rinsing with o-

dichlorobenzene (oDCB) to create a monolayer of PFPA-1.[27] [6,6]-phenyl C71 butyric acid 

methyl ester (PC71BM) was selected as an electron acceptor while TQ1 as an electron donor. 

The TQ1:PC71BM active layer (1:2.5 weight ratio, 20 gL-1 in oDCB) was spin coated on the 

PFPA-1 monolayer at 500 rpm for 60s and dried at 3000 rpm for 30s. PEDOT:PSS PH1000 

mixed with 5% dimethyl sulfoxide (DMSO) and 0.5% surfactant (Zonyl FS 300) was spin-

coated on the active layer in ambient with 1000 rpm for 60 s. The samples were annealed at 

60 °C for 1 minute before encapsulation in the glovebox. The thickness of the active layer 

was around 80 nm as measured by a Dektak surface profilometer.  

Transient photocurrent investigations were performed with an Agilent Technologies 

DS05054A oscilloscope and a Tektronix AFG 3101 function generator. Samples were 

illuminated by sub-nanosecond 532 nm laser pulses with a 5 Hz repetition rate. Transient 

photocurrent was measured using the 50 Ω input resistor of the oscilloscope. The time 

resolution of the current measurements was about 100-200 ns, mainly determined by the 

oscilloscope input resistance and the sample capacitance of ∼1.5 nF. In integral-mode 

measurements, the 1 MΩ oscilloscope input resistor was used instead, while the sample and 
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the oscilloscope capacitances served as the integrating capacitor. The time resolution of 

integral-mode measurements is about 100 ns, limited by the capacitance and inductivity of the 

electrical circuit.  

Time-delayed collection field (TDCF)[28] investigations were performed with the same 

experimental setup as used in transient photocurrent measurements. An adjustable voltage 

was applied to the sample during the optical excitation (generation voltage). Following a 

variable time delay, the collection voltage was switched on. The voltage generator was 

triggered by the optical excitation pulse. To compensate the triggering delay of the voltage 

generator for the experiments in Figures 2-4, the excitation pulse passed a 100 m long optical 

fiber, acting as a ∼300 ns delay line, before reaching the sample. This allowed to reduce the 

shortest effective delay time to ∼10 ns. The shown charge extraction kinetics correspond to 

the difference between the current transients with and without optical excitation. 
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Supporting Information is available from the Wiley Online Library or from the author. 
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Archetypical all-polymer bulk heterojunction solar cells contain a significant 

concentration of spatial traps associated with the dead ends of polymer chains. The spatial 

trapping significantly impedes the carrier extraction. The trapping effect weakens by 

annealing the device, and is much weaker in devices based on the same donor polymer and a 

fullerene acceptor. 
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1. Transient photocurrent for different effective voltage polarities 

 

Figure S1 shows the transient photocurrent kinetics measured for as spun and annealed 

samples at steady-state voltages of equal effective values but of opposite polarities. Very 

similar kinetics show that the internal electric field for both voltage polarities was identical 

only of different direction. It indicates that the role of band bending near contacts in carrier 

extraction measurements was weak or absent. 

 
Figure S1. Transient photocurrent kinetics at constant positive and negative effective voltages  

of ± 0,33 V (degenerate TDCF regime). Plots a) and b) show results for the as-spun and 

annealed samples respectively. 

 

 

 

 

2. Influence of diagonal disorder 

 

Sites that are connected to the percolating cluster but only from one side may form ‘energetic 

dead ends’ that might give rise to the same behavior as observed in our experiments – a 

charge can e.g. move into (a series of) sites by ‘easy’ hops along the direction of the applied 
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field but then run into a ‘difficult’ hop and get stuck. To rule out this scenario, we ran explicit 

kinetic Monte Carlo simulations of the TDCF experiment. The used parameters were taken 

from previous work on related samples. We have previously shown that we can describe both 

ultrafast extraction experiments and steady-state transport. [S1] Unfortunately, these 

simulations are by the nature of the experiment extremely prone to numerical noise. 

Nevertheless, the results in Figure S2 do not clearly match the experimental observations. 

First, reversing the field 1-5 µs after the (simulated) light pulse does not lead to a larger 

amount of extracted charge, as visible from the similar peak in the photocurrent transient with 

respect to the base line decay (thick black line); see e.g. the peaks just after 1 and 2 µs. In 

addition, reversing the field at longer delays does not release a significant reservoir of trapped 

charges, as seen from the absence of a significant response upon switching at 5 µs, c.f. red 

and blue curves. This picture is corroborated by the time dependency of the number of 

charges in the (simulated) device (not shown). 

 

 
 

Figure S2. Calculated TDCF response for an effective medium with diagonal energetic 

disorder. Egen = 5×104 V/cm, Eext = -5×104 V/cm (blue lines), Eext = 15×104 V/cm (red lines) 

or Eext = Egen (black lines); The field is switched in 1 ns at 1 µs, 2 µs and 5 µs (panels a, b and 

c respectively) after populating a small fraction (10-3) of a 20×20×47 box with excitons at 

t = 0. Results have been averaged over 3000 random configurations per trace. Other 

parameters are as used in our previous work on the same material system. [S1]  

 

 

Hence, the simulations in Figure S2 show that our experimental findings cannot be attributed 

to diagonal disorder. We should, however, stress that this does not imply that the dispersive 

motion of photocreated charges that we previously attributed to energetic relaxation in the 

DOS must now be attributed to spatial disorder. Instead, the off-diagonal disorder that is 

found here comes atop the diagonal one. We can, however, not exclude that ignoring the 

former in our model will have affected the parameter values we found in the case of all-

polymer blends in ref. S1, where the annealed TQ1:N2200 sample was investigated. The 

reason the off-diagonal disorder could be singled out in the present experiments is because 

these are performed on time scales at which energetic relaxation/trapping is close to complete. 
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