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Abstract  

Charge carrier mobility in organic bulk heterojunction solar cells is generally limited to 10-3 cm2V-1s-1 

or so. This constrains the charge-extraction rate and the practical range of junction thicknesses. High 

efficiencies have been achieved using junctions as thick as a micron in some limited material systems 

in which charge carrier mobilities are found to be “ordinary” but where the bimolecular recombination 

rate constant is significantly reduced relative to the diffusion limit. This strategy for reducing the 

recombination may be a way forward for industrial scaling of organic solar cells provided a structure-

property relation can be found to deliver reduced recombination. Current studies suggest that the 

main mechanism of reduced recombination should be due to the fast dissociation of the interfacial 

charge transfer states to free charges with respect to their decay rate to the ground state. However, 

whether reduced recombination is due to the suppressed decay rate or improved dissociation rate 

has remained a matter of some conjecture. In this work, we use a recently introduced donor-acceptor 

system which exhibits significantly reduced recombination. Based on measurements of the kinetics of 

free charges and CT states, we provide experimental evidence that an increase of the dissociation rate 

of CT states upon solvent annealing is responsible for the reduced recombination. Morphological 

studies point towards purer and more percolated domains in the solvent annealed system which may, 

therefore, have a stronger entropic driving force for CT dissociation. These are important observations 

towards a full understanding of reduced recombination for material design and synthesis. 
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Introduction 

Emerging novel material systems based upon non-fullerene electron acceptors have improved the 

power conversion efficiency (PCE) of organic solar cells (OSC) up to 18%.1 However, these efficiencies 

are limited to laboratory small area devices (< 1 cm2). The upscaling of OSCs to make industrially viable 

modules is a challenging task and there are multiple problems to be overcome.2, 3 One of the problems 

is related to the junction thicknesses; the photoactive layer of technologically relevant OSCs is usually 

deposited on a transparent electrode via solution processing of a donor-acceptor blend. While spin 

coating or similar methods are often used at the lab scale, commercializing large area OSCs requires 

industry-relevant high throughput deposition methods such as role-to-role processing. Inevitably, the 

active layer must be sufficiently thick to avoid defects that can partially short-circuit large area devices. 

This is challenging since the performance parameters of organic solar cells, particularly the short-

circuit current density (𝐽𝐽sc) and fill factor (FF), are highly sensitive to the junction thickness.4-6 It is well-

known that the main reason for the poor performance of thick junction OSCs is low charge collection 

efficiency due to: (1) a slow charge extraction rate associated with low free carrier mobilities; and (2) 

a fast bimolecular recombination rate within the bulk of the active layer. Despite considerable efforts 

by the community, the mobility of free carriers (electrons and holes) cannot be improved much 

beyond 10-3 cm2V-1s-1 in diode architectures relevant to solar cells, because of the disordered nature 

of organic semiconductors. Yet, a handful of material systems have shown promisingly high 

efficiencies even when the junction thickness is increased to a micron which is considered to be “very 

thick” in organic solar cell nomenclature.  

Recombination of free charges in a material with low mobility can be generally described by the 

Langevin recombination rate which assumes that the effective recombination rate is determined by 

the encounter rate of free carries when the Coulomb radius is larger than the hopping distance.7 Since 

this process is diffusion-limited, it is dependent on the mobility of the free charge carriers. With a few 

exceptions aside,8, 9 it has been shown that the recombination rate in pristine organic semiconductors 

can be more or less explained by Langevin recombination rate with a rate constant given by 
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𝛽𝛽L = 𝑞𝑞(𝜇𝜇p + 𝜇𝜇n) 𝜀𝜀𝜀𝜀0⁄ , where 𝜇𝜇n and 𝜇𝜇p are the electron and hole mobility, q is the elementary 

charge, 𝜀𝜀 is the dielectric constant and 𝜀𝜀0 the vacuum permittivity. Conversely, the experimentally 

determined bimolecular recombination rate constants in donor-acceptor bulk heterojunctions,  𝛽𝛽Bulk, 

is generally smaller than the value expected from the Langevin relation. The reduction factor relative 

to Langevin recombination rate can be define as:  

                                       𝛾𝛾 = 𝛽𝛽Bulk
𝛽𝛽L

                                      (1) 

A reduction factor of 0.1 is very common in most BHJ systems10 while only very few exceptional 

systems exhibits strongly reduced recombination. One classic example of a material system with 

suppressed recombination is thermally annealed P3HT:PC60BM.11 This material system delivers a 

reduced recombination rate of ~100 times less than the Langevin rate (𝛾𝛾 = 1/100), which allows for 

the FF and the PCE to remain optimal in a range of thicknesses from 80 to 180 nm.12 In 2014, Sun et 

al.13 introduced the donor benzodithiophene terthiophene rhodanine (BTR) which  delivered a 

reduction factor of 𝛾𝛾 = 1/150  upon solvent vapour annealing (SVA) when blended with PC71BM.14 

This material was arguably the first high efficiency material system exhibiting reduced recombination. 

It was shown that a 350 nm-thick junction BTR:PC71BM solar cell could deliver a high FF (~0.75) and a 

PCE of 9.5 % as a result of the reduced recombination, even though the electron and hole mobilities 

remained relatively low and even imbalanced. In 2016, a Naphtho[1,2-c:5,6-c′]Bis([1,2,5]Thiadiazole)-

based π-conjugated polymer (NT812) was introduced by Jin et al. 15 Following thermal annealing, a 

800 nm-thick junction of NT812: PC71BM was found to have a reduction factor of 𝛾𝛾 = 1/800, achieving 

a PCE of >9 %.16  

It is important to note that the suppressed recombination in these material systems is only significant 

if one or more post treatment processes such as thermal or solvent vapour annealing follow the active 

layer deposition. It has been shown that these treatments influence the active layer morphology, 

however, a clear structure-property relation is still lacking. In the case of P3HT:PC60BM, for example, 

thermal annealing increases crystallinity and hence the domain sizes in the bulk.17, 18 As a result, the 
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suppressed recombination rate was initially attributed to the geometrical separation (confinement) 

of electrons and holes within their respective domains.19 On the other hand, since electrons and holes 

do not have the same mobilities and are confined in separated domains, it has also been suggested 

that different arrival times of the electron and hole to the donor-acceptor interface may be 

responsible for the suppressed recombination rate.20, 21 However, Kinetic Monte Carlo simulations for 

realistic domain sizes has revealed that this geometrical effect only becomes relevant when the 

domain sizes are extremely large (> 30 nm) which is not generally the case in bulk heterojunction 

OSCs.22 For typical phase separations of 5-10 nm, in turn, it was found that the geometrical 

confinement of electrons and holes in their respective domains only suppresses the bimolecular 

recombination by a factor of 10 at most. This “geometrical” suppression of recombination can be 

formulated as 𝛾𝛾Geo = 𝛽𝛽en
𝛽𝛽L

 where 𝛽𝛽en is the encounter rate constant. In such cases, the more 

imbalanced the electron and hole mobility, the more reduced the encounter rate becomes as the 

faster carrier must wait at the interface to meet the slower carrier. 

The above discussion is built around the kinetics of electrons and holes and their encounter rate in a 

bulk heterojunction. In general, however, the generation and recombination of electrons and holes in 

BHJs occurs via charge transfer (CT) states, acting as intermediate charge recombination/generation 

centres. In Figure 1 a schematic of the charge recombination mechanism is shown with its 

corresponding rates. This correlation between the charge generation quantum yield and the reduction 

factor has been recently confirmed, experimentally, using a meta-analysis by Shoaee et al.10 The 

authors have shown that the reduction factor depends on the kinetics of the CT states and more 

specifically on the ratio between dissociation rate constant of the CT states to free carriers 𝑘𝑘d as well 

as the decay rate constant of the CT state to the ground state 𝑘𝑘f. However, in systems with strongly 

reduced recombination, it is not yet known whether the reduction is due to a suppressed 𝑘𝑘f or 

improved 𝑘𝑘d. Finding the answer to this question is crucial for a better understanding of non-Langevin 
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recombination and ultimately for obtaining a structure-property relation in this regard – potentially 

leading to a means to deliver efficient thicker junctions relevant to industrial scaling.  

In this work, we address the above question by introducing a procedure which utilizes the principle of 

detailed balance and accurate characterisation of CT state parameters. We investigated the donor-

acceptor material system BQR:PC71BM (benzodithiophene-quaterthiophene-rhodanine:[6,6]-Phenyl-

C71-butyric acid methyl ester) which exhibits a strongly reduced recombination of 𝛾𝛾 = 1/2000 when 

solvent annealed. We will show that an improved dissociation rate of CT states into free carriers is 

responsible for the substantial reduction factor in this material system.  

Theoretical framework 

 

The kinetic diagram of a BHJ system is depicted schematically in Figure 1. If we assume that 𝐺𝐺CT is the 

generation rate of CT states (either directly or via exciton dissociation), then one can write  

𝑑𝑑𝑑𝑑CT
𝑑𝑑𝑑𝑑

= 𝐺𝐺CT − 𝑘𝑘f 𝑛𝑛CT − 𝑘𝑘d𝑛𝑛CT + 𝛽𝛽en𝑛𝑛CS2 .                                                  (2) 

 

The encounter rate, 𝛽𝛽en, can be slightly reduced relative to  𝛽𝛽L due to the geometrical confinement of 

electrons and holes but other morphology-related mechanism can play roles to reduce it also.23 Here 

𝑘𝑘d𝑛𝑛CT − 𝛽𝛽en𝑛𝑛CS2  is the net generation-recombination rate of free charge carriers via CT states. The 

probability of CT state dissociation into free carriers is commonly described using the Onsager-Braun 

formalism24, 25 where  

𝑃𝑃 = 𝑘𝑘d
𝑘𝑘d+𝑘𝑘f

                               (3) 

is the charge generation quantum yield for the CT states. At steady-state  𝑑𝑑𝑑𝑑CT
𝑑𝑑𝑑𝑑

= 0, it then follows 

from Eq. 2 that 𝑘𝑘d𝑛𝑛𝐶𝐶𝐶𝐶 = 𝐺𝐺CT𝑃𝑃 + 𝑃𝑃𝛽𝛽en𝑛𝑛CS2  from which the net generation-recombination rate of free 

separated charge carriers is obtained as 𝑘𝑘d𝑛𝑛CT − 𝛽𝛽en𝑛𝑛CS2 = 𝐺𝐺CT𝑃𝑃 − (1 − 𝑃𝑃)𝛽𝛽en𝑛𝑛CS2 . At thermal 

equilibrium (𝑛𝑛CT = 𝑛𝑛CT,eq and 𝑛𝑛CS = 𝑛𝑛CS,eq), the net generation-recombination rate of free 
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separated charge carriers must be zero, i.e. 𝐺𝐺CT,eq𝑃𝑃 = (1 − 𝑃𝑃)𝛽𝛽en𝑛𝑛CS,eq
2 . Then, upon eliminating 

𝐺𝐺CT,eq in Eq. 2 (note that: 𝑑𝑑𝑛𝑛CT,eq 𝑑𝑑𝑑𝑑⁄ = 0), it follows directly that:   

𝛽𝛽en𝑛𝑛CS,eq
2 = 𝑘𝑘d𝑛𝑛CT,eq.                           (4) 

while 𝐺𝐺CT,eq = 𝑘𝑘f𝑛𝑛CT,𝑒𝑒𝑒𝑒 at thermal equilibrium (cf. Figure 1).26  

From the perspective of the free charges (see Figure 1), the carrier generation rate 𝐺𝐺CS is generally 

given by 𝐺𝐺CS = 𝐺𝐺CT𝑃𝑃, while the (effective) recombination rate is 𝛽𝛽bulk𝑛𝑛CS2 = (1 − 𝑃𝑃)𝛽𝛽en𝑛𝑛CS2 ; hence,  

𝛾𝛾 = 𝛽𝛽 Bulk
𝛽𝛽 L 

= 𝛾𝛾Geo
𝑘𝑘f

𝑘𝑘d+𝑘𝑘f
= 𝛾𝛾Geo

𝑃𝑃𝑘𝑘f
𝑘𝑘d

 .                                                  (5) 

In material systems with high charge generation efficiency 𝑘𝑘f ≪ 𝑘𝑘d (𝑃𝑃 ≈ 1), we therefore expect 𝛾𝛾 ≈

𝑘𝑘f 𝑘𝑘d⁄ , noting that the geometrical confinement of electrons and holes does not play a significant role 

in the reduction of bimolecular recombination in systems with domain sizes smaller than 10 nm (such 

as BQR:PC71BM27) as shown by Heiber et al.22, i.e., 𝛾𝛾𝐺𝐺𝑒𝑒𝐺𝐺 ∼ 1 (independent of the system). It is thus 

clear that either increasing 𝑘𝑘𝑑𝑑 or decreasing 𝑘𝑘𝑓𝑓 can result in an improvement in the charge generation 

efficiency accompanied by a simultaneous reduction of the bimolecular recombination.  

Based on the reciprocity between light absorption and emission, the radiative limit (𝑉𝑉OCRad) and the 

non-radiative losses (Δ𝑉𝑉OCNR)  of the 𝑉𝑉OC can be calculated as follows: 

 

𝑞𝑞𝑉𝑉OCRad = 𝑘𝑘𝑘𝑘 ln � 𝐽𝐽Ph
𝐽𝐽0Rad

�;                                                             (6) 

 

Δ𝑉𝑉OCNR = 𝑉𝑉OCRad − 𝑉𝑉OC = −𝑘𝑘𝐶𝐶
𝑒𝑒

ln(EQELED),                                          (7) 

 

where 𝑘𝑘 is the Boltzmann constant, 𝑘𝑘 is the absolute temperature, and EQELED is the efficiency of the 

electroluminescence of the solar cell. Here, 𝐽𝐽Ph is the photocurrent under 1 sun illumination given by 

 𝐽𝐽Ph = 𝑞𝑞 ∫ EQEPV Φsun𝑑𝑑𝑑𝑑
∞
𝐸𝐸min

 , and 𝐽𝐽0Rad is the radiative dark saturation current defined as 𝐽𝐽0Rad =
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𝑞𝑞 ∫ EQEPV ΦBB 𝑑𝑑𝑑𝑑∞
𝐸𝐸min

; 𝑑𝑑min is the lower limit of the bEQEPV measurement, while Φsun and ΦBB are 

the spectral flux density of the sun and the black body spectra (environment) at room temperature, 

respectively. Due to the principle of reciprocity, Δ𝑉𝑉OCNR can be calculated from EQEPV and EQELED. 

On the other hand, given the active layer thickness 𝑑𝑑, the total dark saturation current associated with 

CT states is equal to the recombination current of free charge carriers at thermal equilibrium and given 

by:  

𝐽𝐽0 = 𝑞𝑞𝛽𝛽Bulk𝑛𝑛CS,eq
2 𝑑𝑑,                                                                       (8) 

which is related to the radiative limit of the dark current via 𝐽𝐽0 = 𝐽𝐽0Rad EQELED⁄ . However, in 

accordance with Eqs. 3-5 it can be shown that 𝛽𝛽Bulk𝑛𝑛CS,eq
2  = 𝑃𝑃𝑘𝑘f𝑛𝑛CT,eq. As a result, requiring that 

𝑛𝑛CT,eq = 𝑁𝑁CT exp(−𝑑𝑑CT 𝑘𝑘𝑘𝑘⁄ ), Eq. 8 can be rewritten as:  

 

𝐽𝐽0Rad = EQELED × 𝑞𝑞𝑑𝑑𝑃𝑃𝑘𝑘f𝑁𝑁CT exp �− 𝐸𝐸CT
𝑘𝑘𝐶𝐶
�,                                                         (9) 

where 𝑑𝑑CT and 𝑁𝑁CT are the energy and density of (excitable) CT states, respectively. From Eq. 9, the 

reduced decay rate constant 𝑃𝑃𝑘𝑘f is then obtained as: 

𝑃𝑃𝑘𝑘f = 𝐽𝐽0Rad

𝑒𝑒𝑑𝑑𝑁𝑁CTEQELED
exp �𝐸𝐸CT

𝑘𝑘𝐶𝐶
� = 𝐽𝐽0Rad

𝑒𝑒𝑑𝑑𝑁𝑁CT
exp �𝐸𝐸CT+𝑒𝑒Δ𝑉𝑉OC

NR

𝑘𝑘𝐶𝐶
�,                                  (10) 

 

where Eq. 7 was used in the last step. Note that 𝐽𝐽0Rad, 𝑑𝑑CT and Δ𝑉𝑉OCNR can be obtained from 

experiments. Eq. 10 is a very useful formula because it bridges observable parameters such as 𝐽𝐽0Rad,  

Δ𝑉𝑉OCNR and 𝑑𝑑CT to 𝑘𝑘f which are difficult to probe, even using ultra-fast pump-probe techniques in 

efficient systems.28  

Device Characterisation 
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In Figure 2.a the chemical structure of BQR and PC71BM are shown. Two variations of devices were 

fabricated from the same active layer solution: (1) the as-cast (AC) device for which no post processing 

was performed on the spin coated active layer; and (2) the solvent vapor annealed (SVA) device for 

which the spin coated active layer was exposed to THF vapor followed by thermal annealing. Both AC 

and SVA devices were fabricated with the previously reported structure29 to achieve the optimal 

device performance. The details of the device fabrication are provided in the Supplementary 

Information. The current-voltage characteristics (J-V) of 320-nm-thick AC and SVA devices are shown 

in Figure 2.b. It can be seen that the SVA device has a higher open circuit voltage (𝑉𝑉OC), higher short-

circuit current (𝐽𝐽sc) and higher FF and, thus, higher PCE compare to the AC device. As shown by 

Schwartz et al., even in a 600-nm-thick junction, the PCE remains higher than 8 % when solvent 

annealed.27 

Investigation of the morphology of the active layers in AC and SVA devices shows that the BHJ 

structure is sensitive to the active layer deposition process. Grazing-incidence wide-angle scattering 

(GIWAX) has revealed that solvent vapour annealing increases the crystallinity and the domain purity 

in the BQR. This results in the formation of small but pure aggregated domains in the blend for both 

the donor and the acceptor.27, 30 

Transport and recombination measurements were previously conducted on both AC and SVA devices, 

as presented in the reference27 and also in Figure S1. The corresponding electron and hole mobilities, 

measured using the resistance dependent photovoltage (RPV) technqiue,31 are summarized in Table 

1. Both electron and hole mobilities are improved in SVA devices compare to AC which agrees with 

the purer domains for both donor and acceptor in the SVA blend. The bimolecular rate coefficient for 

both devices were measured using transient double injection (DI).32 The  𝛽𝛽bulk for AC devices is 10 

times reduced (𝛾𝛾 = 1/10), whereas the SVA devices exhibit 2000 times reduced recombination (𝛾𝛾 =

1/2000), compared to the Langevin recombination rate coefficient.  
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Results and discussion 

In Figure 3.a the sensitive EQEPV spectra are shown, where 𝑑𝑑min = 1.16 eV. The sensitive EQEPV 

were measured using the method presented by Zeiske et al.33 from which the sub-gap features, in this 

case the CT sate parameters, can be measured accurately. The CT state absorption for AC and SVA 

devices are clearly observed at ~ 1.4 eV. Based on the estimated 𝐽𝐽0Rad and 𝐽𝐽Ph, 𝑉𝑉OCRad was calculated 

using Eq. 6 for both AC and SVA devices. These parameters are plotted versus the lower limit of the 

integration windows, 𝑑𝑑min (Figure 3.b). Furthermore, from the actual cell 𝑉𝑉OC we determined Δ𝑉𝑉OCNR 

for both devices (Figure 3.c).  Based on Eq. 10, the ratio between the reduced 𝑘𝑘f𝑠𝑠 in SVA and in AC 

devices can be determined via   

𝑃𝑃SVA𝑘𝑘f,SVA
𝑃𝑃AC𝑘𝑘f,AC

= 𝐽𝐽0,SVA
Rad

𝐽𝐽0,AC
Rad

𝑁𝑁CT,AC

𝑁𝑁CT,SVA
exp �𝐸𝐸CT,SVA−𝐸𝐸CT,AC+𝑒𝑒�Δ𝑉𝑉OC,SVA

NR −Δ𝑉𝑉OC,AC
NR �

𝑘𝑘𝐶𝐶
�.                             (11) 

 

While it is very difficult to obtain the number density of CT states (𝑁𝑁𝐶𝐶𝐶𝐶), the ratio between 𝑁𝑁CTs in AC 

and SVA device can be estimated from the experimental results. 

In order to determine the ratio between 𝑁𝑁CT we first extracted the absorption coefficients from the 

EQEPV. It has been shown that Beer-Lambert law cannot be applied for this purpose due to cavity 

induced interference effects. To eliminate the effect of interference we therefore used the procedure 

proposed by Kaiser et al.,34 allowing for the sub-gap absorption coefficient spectra to be obtained. 

This method is based on an iterative inverse transfer matrix formalism for which complex optical 

constants are required in the visible spectral region. The corresponding refractive indices for AC and 

SVA devices are provided in the Supplementary Information. The CT state absorption coefficient can 

be described in terms of (non-adiabatic) Marcus theory35: 

 𝛼𝛼CT = 𝑓𝑓α
𝐸𝐸�4𝜋𝜋𝜆𝜆CT𝑘𝑘𝐶𝐶

exp �− (𝐸𝐸CT+𝜆𝜆CT−𝐸𝐸 )2

4𝜆𝜆CT𝑘𝑘𝐶𝐶
�,                                          (12)  

which parametrises the (weakly coupled) CT  state in terms of 𝑑𝑑CT which is the energy difference 

between the ground and excited state of the CT state, 𝜆𝜆CT which is the reorganization energy 
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associated with the formation of the CT state, and 𝑓𝑓𝛼𝛼 which is a measure of the strength of the donor-

acceptor coupling and also proportional to the density of the CT states through 𝑓𝑓𝛼𝛼 = 𝑁𝑁CT𝑓𝑓σ in which 

𝑓𝑓σ is the CT states oscillator strength.    

In Figure 4 the reduced absorption coefficients (𝛼𝛼CT𝑑𝑑) are shown together with the Gaussian fits 

based on Eq. 12 and the CT state parameters that have been obtained from the fittings. The pre-factor 

𝑓𝑓𝛼𝛼 is obtained from the fittings for each system. Here we assume that 𝑓𝑓σ is the same for both AC and 

SVA devices, made of the same donor and acceptor molecules, thus 𝑓𝑓α,AC
𝑓𝑓α,SVA

 = 𝑁𝑁CT,AC 
𝑁𝑁CT,SVA 

= 250
33

± 1.5 (see 

supporting information for the error analysis). In this important step we obtained the ratio between 

the number density of the interfacial charge transfer states, previously extremely challenging to 

quantify. Our approach is thus far the only methodology to determine the number density of charge 

transfer states, however, it is only relative and cannot be applied to compare blends of different 

donor-acceptor molecules with often unknown oscillator strengths. 

From the above analysis, the number density of CT states in the AC system is approximately six times 

larger than that of the SVA.  This agrees with the morphological studies on these systems indicating 

higher domain purity and larger aggregation in the SVA system, and hence smaller number density of 

CT states in the SVA films.  

Table 1 summarises all the free charge, CT state and thermodynamic parameters required for 

calculation of 𝑃𝑃SVA𝑘𝑘f,SVA 𝑃𝑃AC𝑘𝑘f,AC⁄  from Eq. 11. From this we find 𝑃𝑃SVA𝑘𝑘f,SVA 
𝑃𝑃AC𝑘𝑘f,AC

= 0.23 ± 0.07, meaning 

that the 𝑃𝑃𝑘𝑘f rate of CT states in the SVA system is approximately 4 times slower than that of AC system. 

This ratio is not small enough to explain the substantial difference of bimolecular recombination in 

the two systems (𝛾𝛾SVA 
𝛾𝛾AC 

= 0.005 ± 0.0002). Using the rationale 𝛾𝛾SVA 
𝛾𝛾AC 

= 𝑃𝑃SVA𝑘𝑘f,SVA 
𝑃𝑃AC𝑘𝑘f,AC

× 𝑘𝑘d,AC 
𝑘𝑘𝑑𝑑,SVA

 as per Eq. 5, 

the ratio of CT states dissociation rates can be found to be 𝑘𝑘d,SVA
𝑘𝑘d,AC

≈ 50 ± 15. This implies that the CT 

states dissociate at a much faster rate in the SVA system than in the AC resulting in significantly 

reduced recombination. This is the mechanism mainly responsible for the reduced recombination (at 
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least in this material system), while reduction in CT state decay rate has a marginal impact on the 

reduction factor (roughly a factor of 4). 

It has been suggested that the dissociation of the CT states at the donor-acceptor interface can be 

driven by delocalization of charges over a molecule or number of molecules which results in reduced 

Columbic attraction between electron and hole.36 As a result, the improvement of CT state dissociation 

in SVA BQR:PC71BM can be attributed to the slightly larger and purer domains of the donor and 

acceptor which can result in more delocalized charges at the interface.  

 

Conclusion 

In summary, we have developed a theoretical/experimental methodology to obtain the number 

density of CT states in one system relative to another. The method is generic, with the limitation that 

the two systems are required to have similar or known CT states oscillator strengths. We have applied 

this method on the as cast and solvent annealed BQR:PC71BM solar cells with the latter showing 

significantly reduced recombination rate constants. Using detailed balance analysis together with 

accurate characterisation of CT state and free charge parameters, we have been able to relate the CT 

state kinetics to the observed strongly suppressed bimolecular recombination of free charges. Our 

results show that the reduced recombination in SVA devices is due to an improved dissociation rate 

of CT states upon solvent annealing while a marginal reduction in the CT states decay rate was 

observed. These results shed considerable light on the nature of reduced bimolecular recombination 

in BHJ organic solar cells and is a step towards understanding how to engineer the thicker junctions 

needed for industrially viable OSCs. 
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Figure 1. Schematic of charge generation and recombination in a BHJ OSC. The transition illustrated 

by the dashed downward arrow is the effective recombination rate of separated charge carriers. 

Note that 𝑘𝑘d𝑛𝑛CT = 𝛽𝛽𝑒𝑒𝑑𝑑𝑛𝑛CS2  and 𝐺𝐺CT = 𝑘𝑘f𝑛𝑛CT  at thermal equilibrium.  
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Figure2. (a) Molecular structure of BQR and PC71BM. (b) The JV curves of AC and SVA devices  
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Figure 3. (a) Sensitive EQEPV is plotted versus photon energy to show the CT state absorption 
contribution. (b) 𝐽𝐽0Rad and 𝑉𝑉OCRad and (c) ∆𝑉𝑉OCNR for both AC and SVA devices are plotted versus the 
minimum photon energy at which 𝐽𝐽0Rad and hence 𝑉𝑉OCRad and ∆𝑉𝑉OCNR are calculated.  

 

 

Figure 4. Simulated absorption coefficient for AC and SVA devices plotted versus photon energy. 
Gaussian fits on the CT state absorption and the CT state parameters obtained from the Gaussian fits 
are shown.  

 

 

Table 1. Kinetic and thermodynamic parameters of the as-cast and solvent-annealed BQR:PC71BM. 
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