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  ABSTRACT. Though organic photovoltaics has made significant progress since its appearance 

decades ago, the underlying physics of charge transport in working cells is still under debate. 

Carrier mobility, determining their extraction and recombination is one of the most important, but 

complex and still poorly understood parameters. Low energy charge carrier states acting as traps 

play a particularly important role in carrier transport. Occupation of these states in real operation 

conditions of solar cells induces additional complexity. In this work, we use several transient 

methods and numerical modelling to address carrier transport in actual working conditions of bulk-

heterojunction organic solar cells based on fullerene and non-fullerene acceptors. We show that 

occupation of low-energy states strongly depends on the blend materials and the effective electric 

field. We define conditions when such occupation increases carrier mobility, making it less time-

dependent on µs time scale, and when its influence is only marginal. We also show that the initial 

mobility, determined by carrier relaxation within high energy part of distributed density of states, 

strongly decreases with time independently of low-energy state population.   
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Introduction 

Organic photovoltaics (OPV) has been steadily developing for more than thirty years as a 

promising solar-to-electrical power conversion technology1. Although organic solar cells have 

been thoroughly investigated and currently reach market-appropriate efficiencies2,3, the underlying 

physics is still not fully understood. 

Charge carriers photogenerated in an active layer of OPV device are either extracted, 

contributing to current, or recombine, which is the loss channel. These processes depend on 

extraction and recombination rates. The first is subject to carrier mobility, which in the general 

case changes with time and depends on the internal electric field. Recombination rate coefficient 

and carrier density determine recombination losses. Moreover, all these processes are strongly 

affected by the carrier trapping, which reduces carrier mobility and might enhance the fraction of 

recombined carriers. Therefore, high trap concentrations lead to reduced open-circuit voltage 

(Voc), fill factor (FF) and short-circuit current (Jsc)4–6. In this context, we should distinguish 

between the broad density of states (DOS) distribution of localized states within the bandgap that 

is characteristic for the disordered materials that are typically used in the OPV active layers, which 

are also referred to as tail states 7,8, and possible additional distributions of trap states that may be 

formed deep below these tail states due to impurities, defects etc. 9. However, experimental 

differentiation of the tail and trap states is complicated, therefore here we address the combined 

effect of all low-energy states. We will analyze their influence on carrier transport, which depends 

on their depth, density, energetics and even spatial distribution 9-11. 

Carrier extraction is directly determined by their mobility. Moreover, the recombination rate is 

also determined by mobility through the Einstein relation between mobility and diffusivity. Carrier 

mobility in organic materials usually is not constant. It depends on temperature, electric field 
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strength and decreases with time 12–15. Carrier mobilities in blends of organic solar cells were also 

reported to decrease by several orders of magnitude from their generation until extraction 16–23. On 

the other hand, there are also reports claiming that steady-state mobility analysis can be 

successfully applied to OPV devices24–27. Recently, Koster's group argued that carrier mobility in 

operating solar cells is indeed constant and that transient methods, where the sample is excited by 

a short laser pulse, are inadequate for the mobility dynamics investigation in operating solar cells, 

because of low-energy state occupation under steady-state illumination28. This work was disputed 

29, but so far there is no clear experimental data to reveal the role of low-energy state population 

on carrier extraction and recombination. Even more, it remains unclear how and if steady-state 

illumination leads to a low-energy state population, hindering mobility decay.  

The task of this work was to shed light on above discussed processes by comparing extraction 

and recombination of charge carriers generated by weak short laser pulses in either absence or 

presence of additional continuous illumination by 1 sun light source, imitating real solar cell 

operation conditions. We have investigated population of low-energy states by solar irradiation in 

bulk heterojunction organic solar cells with fullerene and non-fullerene acceptors and its influence 

on charge carrier transport. We demonstrate that low-energy state population in low efficiency 

solar cells becomes significant at voltages similar to those of working conditions, causing faster 

carrier extraction and increased recombination. In contrast, in the efficient non-fullerene solar cell, 

carrier trapping plays no significant role. Nevertheless, initial carrier mobility remains strongly 

time-dependent regardless of solar illumination even in cells with the strongest carrier trapping. 

 

Methods.  
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We investigated three types of solar cells: the archetypical TQ1:PC71BM device, which has been 

exhaustively studied in recent years as a standard model of the polymer-fullerene solar cell,30–32 

PCE10:PC71BM devices with different donor and acceptor stoichiometric ratios and efficient non-

fullerene device PBDB-T:Y1, based on record-breaking Y-series acceptor33. Chemical structures 

of the used materials and photoelectrical properties of the investigated solar cells are presented in 

Fig.S1 in S.I. The device fabrication procedures are also described in S.I.  

To investigate the whole charge carrier extraction dynamics, starting from their generation on a 

sub-picosecond time scale up to their extraction during microseconds, we applied three time-

resolved techniques: transient photocurrent (TPC) and time-delayed collection field (TDCF) 

techniques were used to address carrier motion on a nanosecond-microsecond time scale and time-

resolved electric field-induced second harmonic generation (TREFISH) technique was used for 

ultrafast carrier motion investigation.16,18 To address the influence of low-energy state occupation 

in real operation conditions, all the measurements were performed with and without an additional 

steady-state 1.5AM intensity illumination, which in the following will be called as 1 sun light.   

Transient Photocurrent. During conventional transient photocurrent measurements, samples 

were excited with short laser pulses at the specific effective voltage UEff . Here the effective voltage 

is regarded as a sum of applied external voltage and built-in voltage, i.e. UEff = UApp + UBuilt-in. 

Majority of measurements were performed at voltages below open-circuit voltage, when current 

flows to backward direction, therefore for convenience in the following we consider current values 

to be positive (voltage, respectively) when flowing in a backward direction. Electric scheme and 

time sequences of TPC are presented in S.I.  

Samples were excited by radiation of the optical parametric amplifier Topas-C (Light Conversion 

Ltd.) pumped by femtosecond Ti:sapphire laser Integra-C from Quantronix Inc. generating ~150 
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fs duration pulses at 430 Hz repetition rate. Collinear optical parametric amplifier TOPAS-C was 

used to generate the excitation pulse emitting at 515 nm. Current transients were recorded by 

Agilent Technologies DS05054A oscilloscope (bandwidth 500MHz), voltages were set by 

Tektronix AFG 3101 function generator. Time resolution of the measurement were limited by the 

RC of the circuit equal to about 150 ns determined by the resistance of the oscilloscope and 

generator, and the sample capacitance.  

Time-Delayed Collection Field. TDCF is specific TPC measurement implementation, where the 

sample is excited at zero, or low effective voltage, called generation voltage UGEN and after some 

particular delay time strong extraction voltage UEXT is applied to collect all carriers and evaluate 

their density. Here we assume that effective extraction voltage of 1,8V can extract all charge 

carriers present in the sample at its application time. Schematic representation of TDCF 

measurement is presented in Fig.S3. If the generation voltage is set to compensate for the internal 

build-in electric field, then photocurrent equals zero and carrier density during delay time before 

extraction decreases only because of recombination. Therefore, TDCF is one of the routine 

methods for investigating the carrier recombination dynamics17,32,40,41. TDCF measurements were 

performed using the same experimental setup as for TPC measurements.  

Time-resolved electric field induced second harmonic. We used this ultrafast optical pump-

probe technique to evaluate carrier mobility kinetics on a ps-ns time scale. It is explained in detail 

elsewhere16,34. In short, drifting charge carriers produced by a femtosecond laser pulse are 

screening electric field, which is probed by recording the intensity of the electric field induced 

second harmonic (EFISH) signal created by probe pulse applied after a variable delay.  The EFISH 

signal depends on electric field strength quadratically. Considering active layer as an insulator 

sandwiched between two electrodes as a capacitor, the electric field change can then be 
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straightforwardly transformed into an amount of extracted charge using a simple capacitor relation: 

ΔQ = CΔU. Assuming that for carriers to be extracted on average they have to travel half the 

thickness of an active layer, allows evaluating average carrier drift and consequently time-

dependent carrier mobility. The TREFISH investigations were performed using the same 

femtosecond laser as TPC measurements.  

Model description. Numerical modelling of carrier extraction and recombination processes was 

also applied for TPC and TDCF data interpretation. Transient photocurrent created by a short laser 

pulse may be formally expressed as: 

𝑗𝑗(𝑡𝑡) = 𝑒𝑒 𝑛𝑛(𝑡𝑡)µ(𝑡𝑡)𝐹𝐹,                                                          (1) 

where e is the elementary charge, F electric field strength, n(t) carrier density and µ(t) average 

carrier mobility. Therefore, photocurrent decay is determined by two time-dependent parameters: 

n(t) and µ(t). Carrier density decays with time because of the carrier recombination and their 

extraction from the active layer to electrodes. Generally, the charge carrier mobility is also time-

dependent because charge carriers gradually populate low-energy states within the distributed 

density of states  and become less mobile, get trapped, and in some cases are stopped by barriers10.  

Density of charge carriers generated by laser pulse nlaser (in the following we call them as laser-

carriers) decreases due to their recombination and extraction, and may be formally expressed as: 

𝑑𝑑𝑛𝑛𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑑𝑑𝑑𝑑

= − 𝛾𝛾(𝑡𝑡) 𝑛𝑛𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙2 + 𝛾𝛾(𝑡𝑡)𝑛𝑛𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑛𝑛𝑆𝑆𝑆𝑆𝑛𝑛 −
𝑗𝑗(𝑑𝑑)
𝑑𝑑𝑙𝑙

        (2)                                                                                                              

where, γ(t) – is bimolecular recombination rate, d – sample thickness, nsun is the density of charge 

carriers generated by constant 1sun light (in the following we call them as sun-carriers). A fraction 

of sun-carriers are trapped, thus the second term also accounts for the Shockley–Read–Hall (SRH) 
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recombination of laser-carriers with the trapped sun-carriers. In case of measurements in absence 

of additional continuous illumination, the second term is absent and we ignore the SRH 

recombination because of weak population of low-energy states by used low intensity and low 

repetition rate laser pulses.  Here we assumed that bimolecular recombination rate was time-

dependent and proportional to time dependent mobility: 

𝛾𝛾(𝑡𝑡) =  𝛽𝛽µ(𝑡𝑡)                                                                     (4) 

where, β - the coefficient of proportionality, which was obtained setting initial γ(t) value to time-

independent γ obtained from TDCF measurements in case of zero effective generation voltage. 

Time-dependent mobility was obtained by combining transient photocurrent and TDCF 

measurements. For that we used an assumption, that all the extracted charge constituted to 

photocurrent value at the time of extraction voltage application; therefore, neglecting charge 

carrier losses during non-instantaneous (~few ns) extraction voltage application. Knowing j(t) 

values from TPC measurement and n(t) from TDCF, we were able to evaluate mobility values by 

using eq. 1. 

  

Results and discussion 

We start analysis of the experimental data with the well-established TQ1:PC71BM blend. 

Although the investigated device showed a decent PCE of 5.3%, its fill factor was only 0.39, which 

could be due to increased carrier trapping as compared to more conventional TQ1:PC71BM 

devices.  However, for the present purpose, these samples are excellently suited to demonstrate the 

role of strong carrier trapping on carrier mobility and recombination dynamics.  
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Analysis and interpretation of the experimental results becomes simpler by using low intensity 

laser excitation, when we can neglect bimolecular recombination taking place between laser-

carriers. Importantly, in this limit, the laser-carriers experience identical experimental conditions 

as sun-carriers and, thus correctly represent dynamics of individual charge carriers in real solar 

cell operation conditions. We determined this limit from excitation intensity dependence of 

photocurrent kinetics. 

 

  

Figure 1. Photocurrent kinetics dependence on 515nm laser excitation intensity for TQ1:PC71BM 
sample. Parallel dotted lines are guide-to-the-eye, indicating different decay rates. Inset shows 
peak values of photocurrent. 

 

Fig. 1 shows photocurrent transients at various excitation intensities measured at effective internal 

voltage of 0.2V, which is close to the maximal power point (MPP) of the solar cell. Several 

nonlinear processes are expected to take place and be responsible for the changes of the 

photocurrent transients at increased excitation intensity: exciton annihilation, bimolecular carrier 

recombination, occupation of low-energy states. At the two lowest intensity values, the current 

kinetics has very similar shape indicating that nonlinear processes still play only marginal role. 
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Therefore, the photocurrent shape during the first microsecond is mainly determined by the carrier 

relaxation to low-energy states within DOS, which reduces their mobility18, while at longer times, 

current decays due to extraction of equilibrated charge carriers. By increasing excitation intensity, 

we do not observe significant changes of the current decay kinetics during the first microsecond, 

which could take place in case of significant occupation of low-energy states changing the carrier 

mobility decay.  However, the photocurrent peak starts to saturate at high intensities (see inset in 

Fig.1), most likely due to the exciton annihilation. The photocurrent decay during 1-5 

microseconds also becomes faster after exceeding 3.5 mW/cm2 indicating increased role of 

bimolecular carrier recombination. Consequently, these measurements show that all discussed 

nonlinear processes are insignificant at excitation intensities below 3.5 mW/cm2. Similar results 

were also obtained for other investigated solar cells, thus laser intensity of 2.5 mW/cm2 was used 

to avoid nonlinearities in all below discussed investigations. 

 

 

Figure 2. Extracted laser-carrier dynamics in TQ1:PC71BM device at various effective voltages 
in dark (black dashed lines) and under 1 sun illumination (color lines). Here, and in all following 
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measurements, 515 nm laser excitation at 432 Hz repetition rate and ~2.5 mW/cm2 average power 
was used. In the inset, photocurrent transients were normalized and vertically shifted. 

 

 Figure 2 shows charge carrier extraction dynamics from TQ1:PC71BM blend in a wide temporal 

window evaluated from measurements performed without and under additional 1 sun illumination 

(further referred as “dark” and 1 sun light conditions, respectively). The measurements “in dark” 

revealed qualitatively similar carrier extraction dynamics as was reported in ref. 18, which was 

evaluated as dispersive with a strongly time-dependent mobility. Decay of the carrier mobility by 

at least one order of magnitude during initial several nanoseconds has been observed in several 

polymer-PCBM blends17–20, including TQ1:PC71BM blend18 and has been attributed to the energy 

relaxation within the DOS. For the given sample, carrier extraction at time below 10-8 s is slightly 

suppressed, which we attribute to the charge carrier trapping that we aim to study.  

In case of additional 1 sun illumination, it generated sun-carriers continuously, while their 

concentration was determined by the balance between extraction, recombination, and generation 

rates. Additional carriers generated by laser pulses (laser-carriers) now appear on a background of 

sun-carriers. The sun-carriers also create a constant current background, which was subtracted 

from our data to register photocurrent created by laser-carriers only. Importantly, additional 1 sun 

illumination alters the conditions under which laser-carriers are generated. First, sun-carriers fill 

low-energy states, therefore laser-carriers experience less trapping during their extraction from the 

active layer. Second, laser-carriers recombine with sun-carriers. Thus, by using two, “dark” and 1 

sun light, measurement conditions, we compare carrier dynamics when a) non-geminate 

recombination is negligible and low-energy states are not occupied (due to low laser-carrier 

density, as discussed above), and b) in the presence of sun-carriers, which to some extent occupy 
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low-energy states. We shall inquire how 1 sun illumination affects charge extraction on different 

time scales at different effective electric field strengths.  

As the left-hand part of Figure 2 shows, the 1 sun illumination does not change the ultrafast 

carrier extraction and, thus, the mobility dynamics. It indicates that sun-carriers populating low- 

energy states have no impact on the initial laser-carrier drift. This is expected because laser-carriers 

in this time-domain still reside in high-energy part of DOS and population of low-energy states by 

sun-carriers plays nonessential role to their dynamics. This allows us to conclude that individual 

charge carriers generated by sun light in real solar cells operation conditions also experience 

identical fast mobility decay on a ps-ns time scale as reported in previous publications18,34. 

The right-hand side of Fig. 2 shows carrier extraction dynamics obtained by integrating transient 

photocurrents shown in the inset. Notably, as the inset shows, the charge extraction at low UEff = 

0.2V, is faster during initial 1-2 µs in the presence of 1 sun light. It signifies that laser-carriers 

experience weaker decay of mobility because low-energy states are significantly populated under 

1 sun light. The 1 sun light influence becomes less pronounced at higher effective voltages. This 

is reasonable since higher voltages extract charge carriers more rapidly, including those residing 

in the low-energy states, liberating these states. Consequently, occupation of the low-energy states 

by 1 sun light decreases with voltage and weakly affects trapping of laser-carriers already at UEff 

= 0.4V.   At longer 2-6 µs times the photocurrent decays faster under 1 sun light. This decay phase 

was attributed to the extraction of equilibrated carriers, thus faster photocurrent decay indicates 

faster decay of the carrier density, which we attribute to the SRH recombination of laser-carriers 

with trapped sun-carriers (second term in eq. 2).  
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Figure 3. a) Charge carrier density kinetics at different effective voltages in TQ1:PC71BM device 
determined by TDCF measurements. Here and in all plots, solid lines correspond to measurements 
under 1 sun, dotted lines – “in dark”; b) carrier mobility dynamics evaluated from TDCF data 
and TPC data presented in Figure 2; Modelled fraction of recombined (c) and extracted (d) charge 
carriers; e) Carrier extraction probabilities (color symbols) “in dark” and under 1 sun, and sun-
carrier density (black symbols) as functions of effective voltage. 

 

To quantify the influence of 1 sun illumination on bimolecular carrier recombination losses, we 

have performed TPC measurements in complementary time-delayed collection field 

implementation. As explained in the experimental section, it enables tracking of laser-carrier 

density kinetics, which is shown in Fig.3a. At zero effective voltage (black dotted curve), 

photogenerated carriers are not extracted, and their density decays due to recombination only. It 

allows evaluation of bimolecular recombination rate, which in this case was found being equal to 
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γ = 1,24x10-11 cm3s-1, similar to values reported elsewhere 30,31. Increasing the effective voltage 

leads to more rapid carrier density decay due to carrier extraction. The clear difference between 

carrier density dynamics “in dark” and under 1 sun illumination (dotted and solid curves, 

accordingly) at zero effective voltage supports the idea of pronounced recombination of laser-

carriers with sun-carriers. Noteworthy, the difference in kinetics is much smaller at higher 

voltages, because enhanced extraction causes smaller trapped sun-carrier population.  

Combining j(t) obtained from TPC measurements and n(t) obtained from TDCF, we can evaluate 

the mean time-dependent carrier mobility from relation 𝑗𝑗(𝑡𝑡) = 𝑒𝑒 𝐹𝐹𝑛𝑛(𝑡𝑡)𝜇𝜇(𝑡𝑡). The obtained 

mobility dynamics at different voltages “in dark” and under 1 sun light are presented in Figure 3b. 

The mobility is higher, and its decay is weaker under 1 sun illumination. “In dark”, the mobility 

increases at higher voltages as typically observed in disordered organic semiconductors35. Slightly 

stronger mobility decay at high voltages is caused by faster extraction of nontrapped carriers 

leaving only low-mobility trapped carriers at longer times. Under 1 sun illumination, the mobility 

becomes less time-dependent, particularly at low effective electric field when low-energy states 

are populated by sun-carriers (as shown in scheme 1) preventing trapping of laser-carriers. 

However, population of low-energy states by sun-carriers decreases with increasing electric field, 

promoting trapping of laser-carriers and causing a stronger decrease of their mobility. 

Consequently, mobility decreases with electric field, in stark contrast with typically reported 

behavior. 
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Scheme 1. Schematic representation of charge carrier relaxation within DOS “in dark” (blue 
arrows) and under Solar illumination (red arrows) at low and high effective electric field values. 

 

It should also be noted that the population of low-energy states and its influence is expected to 

be less distinct at lower illumination intensities. Therefore, significant impact of trapped sun-

carriers on the carrier extraction dynamics is expected only at full 1.5AM solar illumination. 

To evaluate the role of the low-energy state occupation on the solar cell performance more 

clearly, we have performed numerical modelling of the carrier extraction and recombination 

processes on basis of the experimental results. A detailed description of our model is presented in 

experimental section, whereas fitted curves are presented in the S.I. Our numerical model provided 

us with total bimolecular recombination (between laser-laser and 1 sun-laser carriers combined) 

and carrier extraction dynamics. The “dark” conditions approximately represent the carrier 

extraction and recombination kinetics at constant low intensity illumination of a solar cell. As 

shown in Fig.3 c and d, carrier recombination dynamics at these conditions is weakly dependent 

on the effective voltage, while the extraction rate approximately linearly increases with voltage. 

At 1 sun illumination, the recombination rate strongly increases at low effective voltages because 
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of high density of carriers trapped in low-energy states (Fig.3c and 3e). On the other hand, the 

dependence of the carrier extraction on effective voltage is weaker than “in dark”. Figure 3e 

summarizes the calculation results. It shows that the sun-carrier concentration decreases almost 

four times when the effective voltage increases from 0.2V, which is close to the MPP conditions, 

to 0.8V, which corresponds to short-circuit. Figure 3e also shows the total probability for the 

generated carrier to be extracted, rather than to recombine. The carrier extraction probability under 

1 sun light is lower than “in dark” because of the increased recombination rate in presence of sun-

carriers, but this difference decreases with effective voltage when the density of trapped sun-

carriers decreases. It should be noted that at 1 sun illumination conditions, the extraction 

probabilities for laser-carriers and sun-carriers are approximately equal because recombination 

between two laser-carriers is insignificant at low laser-carrier concentration. 
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Figure 4. Carrier density (a) and mobility (b) kinetics in PBDB-T:Y1 device obtained from TPC 
and TDCF measurements combined. Inset in (b) shows normalized photocurrent kinetics. Modeled 
recombination (c) and extraction (d) dynamics. e) Carrier extraction probabilities (color symbols) 
“in dark”and under 1 sun, and sun-carrier density (black symbols) as functions of effective 
voltage. 

 

An analogous analysis of the carrier dynamics on a microsecond time scale was performed on 

effective (PCE = 13.2%) non-fullerene acceptor (NFA) device PBDB-T:Y1 (Fig.4a-e).  

Photocurrent decay in NFA sample was faster than in the present TQ1:PC71BM blend. For 

instance, at 0.8V voltage 1µs after excitation, only 3% of the initial photocurrent value was present 

in the PBDB-T:Y1 device, (Fig.4b inset) compared to 30% in TQ1:PC71BM sample with increased 

carrier trapping. It signifies that either carrier recombination or extraction, or both, are much faster 

in the PBDB-T:Y1 device. Secondly, there is no rapid photocurrent decay “in dark” at low voltages 

that was clearly expressed in TQ1:PC71BM and that we attributed to the carrier trapping. It shows 

that carrier trapping in PBDB-T:Y1 is not a dominant factor determining photocurrent decay on a 
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submicrosecond time scale. Thirdly, differences between photocurrent kinetics “in dark” and under 

1 sun light are insignificant at all applied voltages. It shows that the sun-carrier concentration is 

minute at any voltage, again suggesting relative scarcity of low-energy states or their shallow depth 

in this device. 

Furthermore, TDCF measurements show that carrier density and mobility kinetics are only 

weakly affected by 1 sun illumination (Fig. 4 b-c) and depend only on effective voltage. It shows 

that low-energy state occupation by sun-carriers does not affect the drift of laser-carriers. Also, in 

these devices, the carrier mobility decreases with effective voltage, but to a lesser extent than in 

the TQ1:PC71BM blend. This further illustrates the fact that carrier mobility is not a perfect 

parameter to characterize carrier motion in organic solar cells. In these experiments, the effective 

carrier mobility decreases with voltage because highly mobile charge carriers are extracted from 

the sample, leaving low mobility carriers relaxed to deep tail states within the DOS. The fraction 

of extracted highly mobile carriers increases with time and effective voltage. At high effective 

voltages, highly mobile carriers are extracted faster than the time-resolution of our TDCF 

measurements, thus already at 100 ns, our technique probes a reduced carrier mobility. The data 

obtained at low UEff is less affected by this effect and represents the behavior of the dominating 

fraction of carriers more correctly. Nevertheless, even at low effective voltages of 0.1V and 0.35V, 

i.e. close to MPP of the solar cell, the carrier mobility still decreases by about 30-50% in the sub-

µs time scale both ”in dark” and at 1 sun illumination. This minor but significant decrease is 

consistent with the concept of a nearly constant mobility for this time range. Note, however, that 

significant (dispersive) extraction can take place at shorter time scales as further discussed 

below28,29.  
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Computational modelling shows that at close to MPP voltages, sun-carrier concentration in 

PBDB-T:Y1 device is indeed lower by one order of magnitude than in the here investigated 

TQ1:PC71BM device. Even though TDCF measurements at UEff = 0V gives bimolecular 

recombination rate of γ = 2.2x10-10cm3s-1 for the PBDB-T:Y1 sample, which is significantly higher 

than in the TQ1:PC71BM device, the lower carrier concentration still leads to a weak enhancement 

of non-geminate recombination in the presence of sun-carriers (Fig.4d). Even at the lowest 

effective voltage of 0.1V, when carrier extraction is relatively slow, non-geminate recombination 

losses increase no more than 10% in the presence of 1 sun illumination. Moreover, a few times 

higher mobility values compared to TQ1:PC71BM device, leads to much faster and more effective 

carrier extraction, as shown in Fig. 4e.  

Ultrafast TREFISH investigations were not possible for this device because of significantly 

lower second harmonic generation efficiency in the non-fullerene blend. However, previous 

investigations performed by an alternative, ultrafast time-resolved electroabsorption technique, 

revealed mobility decrease “in dark” by more than an order of magnitude during an initial couple 

of nanoseconds.17 Taking into account that mobility on this ultrafast time scale was independent 

of the 1 sun illumination even in the TQ1:PC71BM blend, where the influence of illumination on 

the microsecond mobility was much stronger, we do not expect any significant illumination 

influence on the ultrafast mobility in the PBDB-T:Y1 blend as well. Consequently, these data 

allow us to conclude that the carrier mobility in PBDB-T:Y1 solar cell in real operation conditions 

is strongly time-dependent on the ps-ns time scale. 

Investigations of the TQ1:PC71BM and PBDB-T:Y1 blends have shown that precise 

measurements of transient photocurrent kinetics at low laser intensity performed “in dark” and 



 20 

under 1 sun illumination are sufficient to estimate the role of a low-energy state population on the 

carrier extraction. 

 

 

Figure 5. Transient photocurrent kinetics at 0.2V (red curves) and 0.8V (purple curves) effective 
voltage, “in dark”(dotted lines) and sun-light (lines lines) conditions, for PCE10:PC71BM samples 
a) 0.5; b) 1.5 and c) 3.0. 

 

To consider the role of blend morphology on the formation and properties of low-energy states, 

we have also performed TPC measurements on three different devices based on the efficient donor 

polymer PCE10 and the PC71BM acceptor, mixed at different D/A weight ratios of 1:0.5, 1:1.5 and 

1:3, (further referred to as sample 0.5, 1.5 and 3.0, accordingly). As shown in the Table presented 
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in Fig.S1, the optimal concentration was 1:1.5, which resulted in PCE of 6.5% and the highest 

values of other photovoltaic parameters.  

Carrier motion dynamics in fullerene-based solar cells was found to be strongly dependent on 

the stoichiometric ratio of donor and acceptor materials36. The slow carrier extraction component 

at t > 1 µs clearly decreases at higher PC71BM concentration, and therefore can be attributed to the 

electron extraction via PC71BM domains, which may lose percolation pathways at low PC71BM 

concentration, causing the formation of dead ends in the electron transfer pathways7. The current 

TPC investigation results (Figure 5 a-c) agree with this conception. At low PC71BM concentration 

(sample 0.5), the TPC kinetics is qualitatively similar to that obtained for TQ1:PC71BM sample 

indicating the increased density  of low-energy states, which are occupied under 1 sun illumination. 

However, TPC kinetic in samples 1.5 and 3.0 show almost no influence of the 1 sun illumination, 

similarly to the PBDB-T:Y1 blend, suggesting that carrier trapping and occupation of low-energy 

states by 1 sun illumination are marginal. Considering that chemical structures and fabrication 

procedures of all PCE10:PC71BM samples were identical, the more expressed influence of low-

energy states in the sample with low PC71BM concentration suggests that especially dead ends in 

the electron pathways create additional traps, causing a significant slowing of electron extraction. 

Note that we cannot exclude that the low-energy states in the investigated TQ1:PCBM blend are 

also to some degree geometrical in nature, although geometrical trapping is normally weak in this 

system due to the presence of a significant fraction of fullerene in the donor-rich phase 10,42.   

  

Conclusions 

In conclusion, we have addressed the role of population of low-energy states on carrier dynamics 

in organic solar cells operating in quasi-real conditions. We applied several transient methods to 

cover a wide temporal window from picoseconds to microseconds and analysed the influence of 
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solar illumination on carrier mobility, extraction and recombination. Carrier trapping strongly 

influences the carrier mobility on a ns - µs time scale in TQ1:PC71BM devices possessing deep 

low-energy states, but steady-state solar illumination causes occupation of these state, making the 

carrier mobility less time-dependent. At low electric fields, close to the MPP conditions, the low-

energy state filling increases both recombination and extraction rates and reduces the extraction 

efficiency. However, low-energy state population becomes less significant and weakly affects 

carrier dynamics when the internal electric field is sufficiently strong, which happens close to 

short-circuit conditions. On the other hand, low-energy state filling does not affect the strongly 

decreasing mobility on a ps-time scale.  

Carrier trapping plays less significant role in more effective solar cells. Carrier mobility in non-

fullerene PBDB-T:Y1 solar cell is weakly time-dependent on a ns to µs time scale and low-energy 

state filling by solar illumination plays only a marginal role, even at low, close to MPP effective 

voltages. Carrier trapping in PCE10:PC71BM solar cells with different donor/acceptor 

stoichiometric ratios was found to be more significant at low PCBM concentrations, when poor 

PCBM domain percolation caused the formation of geometrical electron traps.  

The investigation results also show that carrier mobility is strongly time-dependent on a ps-ns time 

scale during carrier relaxation within high energy states of DOS in all investigated organic solar 

cells, independently of the occupation of low-energy states by solar illumination. While at longer 

times, occupation of low-energy states significantly changes charge carrier mobility and 

recombination rate in cells with increased carrier trapping, but its influence was found being only 

marginal in efficient solar cells.  
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