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1. Introduction

Non-radiative recombination limits 
both the open circuit voltage (VOC) and 
the fill factor (FF) of organic solar cells 
(OSCs).[1,2] Although some of the losses 
in FF could be reduced by moving 
from fullerene to non-fullerene accep-
tors (NFAs), even the best OSCs still 
do not reach their full thermodynamic 
potential.[3] In fact, even in optimized 
devices with a thin active layer, the 
FF lags behind what Shockley–Que-
isser theory predicts for the given VOC 
values.[4] Moreover, the losses in the FF 
typically become greater with increasing 
thickness, which hinders the upscaling 

of OSCs using low-cost manufacturing based on printing 
techniques.[5]

The recombination of free charge carriers in OSCs proceeds 
through charge transfer (CT) states at the interface between the 
donor (D) and acceptor (A) material. It thus resembles a series 
of two processes, the carriers’ encounter to form a (singlet or 
triplet) CT state and its subsequent decay to the ground state. 
The decay is either radiative or non-radiative, with non-radiative 
pathways typically dominating because of a low CT to ground 
state oscillator strength.[6] By convention, the total recombi-
nation rate constant krec is often compared with the Langevin 
coefficient kL describing charge encounter in a homogeneous 
medium. Achieving strongly reduced Langevin recombination 
(krec ≪ kL) is paramount to achieve high FFs, in particular in 
thick junctions, while simultaneously improving VOC. There is 
growing consensus that such a situation is realised in blends 
showing high CT (re-)dissociation yields in which an equilib-
rium between free carriers and CT states is established.[7–12] 
The position of the equilibrium is given by the decay of the CT 
states, mainly through non-radiative pathways.

Despite its importance, the mechanisms of non-radiative 
decay are not yet well understood. Using Marcus theory, Ben-
duhn et al.[13] proposed the so-called energy-gap law, predicting 
an exponential dependence of non-radiative recombination on 
the CT state energy ECT. This was partly challenged by recent 
studies indicating that non-radiative losses can also be deter-
mined by parameters other than ECT, such as electronic couplings 
of the CT state with the ground state and local D/A excitonic 
states, as well as electron-vibrational couplings.[14,15] All these 
studies have in common that they assume a single CT energy, 
whose spectral features are broadened only by electron-phonon 
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coupling, also known as a dynamic disorder. In an organic 
blend, however, the weak cohesion between individual mole-
cules through van der Waals interactions together with confor-
mational irregularities lead to a broadened distribution of CT 
states rather than a single ECT, which is referred to as static 
disorder. Static disorder is well known to result in dispersive  
charge transport, but its relevance for charge generation and 
recombination remains controversial.[16–25] Recently, Yan 
et  al.[26] demonstrated for two particular polymer:NFA blends 
the importance of accounting for CT-state static disorder in 
analysing voltage losses. This observation raises the question of 
how non-radiative recombination is generally affected by ener-
getic disorder and how this limits the performance of OSCs.

Here, we present a large experimental data set on the effect of 
disorder on charge recombination based on a range of solution-
processed D:A blends comprising both fullerene and NFAs. The 
overarching aim of this work is the establishment of a general 
trend for various chemical structures, beyond a specific family 
of molecules. We establish clear correlations between energetic 
disorder, the bimolecular recombination coefficient krec which in 
turn also correlates with the non-radiative voltage loss (ΔVnr). Our 
experiments show that our findings are material agnostic within 
the organic semiconductors and that by reducing the (static) 
energetic disorder, the recombination of free charge carriers and 

voltage losses are concurrently suppressed. Based on these find-
ings, we postulate that suppression of free carrier and voltage 
losses upon decreasing energetic disorder is due to a prolonged 
CT lifetime, which thus is a key parameter in reducing non-radi-
ative recombination to gain in both VOC and the FF.

2. Results and Discussion

Our study involves D:A blends of five different donors (both 
polymers and small molecules) with either the fullerene 
PC71BM or one of four different NFAs. The chemical structures 
of the materials are depicted in Figure 1a and the photovoltaic 
performance in OSCs is summarised in Table S1 (Supporting 
Information). For the fullerene-based blends BTR:PC71BM and 
NT812:PC71BM, we induced a change in recombination by 
varying the D:A ratio and applying solvent vapour annealing, 
respectively. Previous studies have indicated that such changes 
affect the blend morphology, in particular the degree of 
fullerene aggregation.[27,28] For the NFA-based PM6:Y6 blend, 
we used a similar structure-property relationship based on 
increasing the solvent additive ratio and thickness.[29] Alto-
gether, this makes a total of ten different photovoltaic systems 
that are reported on in the following.

Figure 1. Materials and their charge recombination kinetics in OSCs. a) Molecular structures of the donor (upper row) and acceptor (lower row) 
materials used in this study. The photovoltaic performance of OSCs based on different D:A blends are summarized in Table S1 (Supporting Infor-
mation). b–k) Recombination coefficient krec as a function of the charge carrier concentration n as determined by BACE measurements. The data in  
b–f) represents devices comprising the fullerene acceptor PC71BM and the data in g–k) represents devices comprising different NFAs. Dashed lines 
indicate the recombination coefficient under solar illumination.

Adv. Energy Mater. 2023, 2203576
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Figure  1b–k shows the recombination coefficients of 
photo-generated charge carriers obtained from bias-assisted 
charge extraction (BACE) measurements as detailed in Note 
S2 (Supporting Information). With the notable exceptions of 
NT812:ITIC (Figure  1j) and P3HT:O-IDTBR (Figure  1k), all 
blend systems exhibit fairly pure second-order kinetics, that 
is, a recombination rate of the form R  = krecn2, where n is the 
carrier density and krec is constant. The higher recombination  
order in these blends is anticipated to stem from carrier-
dependent mobility which affects the carriers’ encounter in the 
recombination process. With krec ranging from 10−18 to 10−16 m3 s−1,  
the systems investigated span a wide range of recombination 
strengths that is representative of the state of the art. Next, we 
studied the charge carrier mobility and energetic disorder from 
temperature-dependent space charge limited current (SCLC) 
transport measurements. Figure S1 (Supporting Information) 
shows the measured current–voltage curves for single-carrier 
devices and fits the Murgatroyd–Gill model to determine the 
zero-field mobility μ0 for electrons and holes.[30] Details of the 
fitting procedures are given in Note S3 (Supporting Informa-
tion). We have then applied the Gaussian disorder model 
(GDM), which assumes that the density of states (DOS) as 
a result of the energetic disorder can be represented by a 
Gaussian distribution with the standard deviation σ. According 
to the GDM, the temperature dependence of the zero-field 
mobility is given by[30,31]

*exp 0.440
B

2

T
k T

µ µ σ( ) = − 











 (1)

where μ* is the mobility at infinite temperature, and kBT the 
thermal energy. We found that Equation (1) describes the tem-
perature dependence of μ0 for all blend systems within reason-
able accuracy (see Figure S1, Supporting Information). The 
extracted disorder σLUMO and σHOMO of the lowest unoccupied 
molecular orbital (LUMO) of the A and the highest occupied 

molecular orbital (HOMO) of the D, respectively, are listed in 
Table 1. With σ = 50 to 100 meV, the disorder values span the 
typical range encountered in organic semiconductors.[30,32,33] 
Table  1 also includes the reduction factor γ  = kL/krec with the 
Langevin coefficient calculated using the measured zero-field 
mobilities at room temperature. Based on γ, the blends can be 
categorised into Langevin (γ  ≈ 1) and non-Langevin systems  
(γ ≫ 1). For the BTR:PC71BM, NT812:PC71BM and PM6:Y6 
blends, the changes in preparation conditions described above 
lead to a change between the two groups.

In the following, we consider the convolution of the DOS 
site distributions experienced by free electrons and holes, 

tr
2

HOMO
2

LUMO
2σ σ σ= + , as a measure of the CT state disorder 

relevant for charge recombination. Justification for this 
approach is given in earlier work[22,32] and also later in the 
text. Figure 2a shows that the device FF clearly shows a gener-
ally decreasing trend with increasing disorder. The data show 
a relatively high scatter as the FF subsumes many device 
properties including the active-layer thickness. Given that all 
of the blends studied here exhibit efficient photo-generation, 
we assume that the general trend of the FF is related to the 
recombination of free charge carriers through the CT mani-
fold that competes with charge extraction (see Note S4 (Sup-
porting Information) for detailed explanation).[34,35] This is 
supported by Figure 2b,c, showing that for all samples except 
for the thin PM6:Y6 device, krec increases and γ decreases 
with increasing disorder. Interestingly, whilst the trend in 
reduction factor and disorder (Figure 2c) is in in line with our 
previous prediction,[36] our experimental data on the recom-
bination coefficient and energetic disorder are in apparent 
contradiction to previous studies[37,38] suggesting that charges 
situated in the tail of the inhomogeneously broadened DOS 
must be excited back to the transport level to be able to meet 
the counter charge at the interface. In this picture, higher 
energetic disorder leads to a barrier for free charge carriers 
to reform the CT state, which would delay and thereby reduce 
recombination. On the other hand, lower disorder leads to 

Table 1. Key parameters for the blends used in this study.

Active layer Thickness [nm] μ0,n [m2 V−1 s−1] μ0,p [m2 V−1 s−1] σLUMO [meV] σHOMO [meV] krec [m3 s−1] γ EQEEL ΔVnr [V]

BTR:PC71BM (as cast) 290 6.9E-8 2.5E-9 76 71 7.3E-17 5 1.7E-6 0.335

BTR:PC71BM (annealed) 290 1.3E-7 1.3E-7 72 55 7.6E-18 177 3.5E-6 0.320

NT812:PC71BM (3:1) 200 1.8E-8 1.5E-7 67 66 4.9E-17 18 5.7E-7 0.363

NT812:PC71BM (1:1.5) 180 3.0E-7 6.3E-8 59 60 1.6E-17 117 1.4E-6 0.340

PPDT2FBT:PC71BM 260 1.3E-7 2.3E-7 63 60 4.8E-18 388 2.6E-6 0.325

PM6:Y6 (100 nm, 0.5% CN) 100 2.1E-8 7.1E-9 58 60 2.9E-17 5 2.6E-5 0.267

PM6:Y6 (400 nm, 1.5% CN) 400 2.6E-7 7.8E-9 50 59 4.9E-18 283 5.1E-6 0.308

PM6:BTP-eC9 80 4.1E-8 2.1E-8 53 60 2.0E-18 160 3.5E-5 0.259

NT812:ITIC 100 1.3E-10 2.5E-8 93 83 8.0E-17 2 3.5E-6 0.317

P3HT:O-IDTBR 180 5.4E-9 2.2E-7 73 61 1.9E-17 61 6.2E-7 0.361

Overview of the measured charge transport and recombination parameters. Charge transport was characterised using temperature-dependent SCLC measurements, see 
Note S3 (Supporting Information) for details. The listed zero-field mobilities of electrons and holes refer to room temperature. The disorder of the LUMO and HOMO was 
extracted from the temperature dependence of μ0,n and μ0,p according to Equation (1). All SCLC data and fits are shown in Figure S1 (Supporting Information). The recom-
bination coefficient krec refers to 1-sun illumination and was determined from BACE measurements. The reduction factor γ = kL/krec was calculated using the Langevin rate 
constant kL = q(μ0,n + μ0,p)/εε0, where q is the elementary charge and εε0 the dielectric constant. The voltage loss ΔVnr was calculated from the measured EQEEL using 
Equation (3). The photovoltaic performance of devices based on the different blends is summarised in Table S1 (Supporting Information).

Adv. Energy Mater. 2023, 2203576
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improved charge transport, so it is not intuitively clear which 
effect dominates.
Figure 3 illustrates the kinetics of free charge recombination 

with all relevant states and transitions. In non-Langevin sys-
tems, there is a series of encounters (kenc) and re-dissociation 
(kd) events before a pair of charge carriers ultimately decay to 
the ground state. This can be expressed as:

enc
2

d CTk n k n=  (2)

where nCT is the equilibrium density of carriers in the CT state. 
It follows from Equation  (2) that kenc and kd must have the 
same dependence on mobility, which is reasonable given that 
both processes are carried out by hopping in the same DOS 

(Note S5, Supporting Information). Hence, increasing mobility 
by reducing energetic disorder will increase the number of 
encounters, but the effect will be exactly counter-balanced 
by the simultaneously increased probability for CT states to 
re-dissociate. Consequently, while no trend with mobility is 
expected for the recombination coefficient krec, there should be 
a trend for the reduction factor (see Note S6, Supporting Infor-
mation). Figure S2 (Supporting Information) shows that this 
is indeed what we observe in our experimental data and also 
in data we analysed from the literature. We find that for low  
carrier mobilities, recombination is encounter-limited (γ   ≈ 1), 
while for high mobilities, the system is dominated by CT re-
dissociation and recombination is suppressed relative to the 
Langevin model with γ reaching values of up to 400. The trend 
between reduction factor and disorder is consistent with our 
recent Monte Carlo simulation study, which took morphology, 
mobility and energetic disorder into consideration[36] as well 
as other works.[37,38] However, the correlation between krec and 
σ observed here is in clear contradiction to those simulations, 
which were performed under the assumption of a constant CT 
decay rate kf. This clearly suggests that the disorder has a cru-
cial influence on the decay of the CT states and thus on the 
overall recombination rate.

To elucidate the relationship between disorder and CT decay, 
we will focus in the following on the non-radiative voltage loss 
ΔVnr as given by

ln
1

EQE
B

EL

V
k T

q
nr∆ =









  (3)

where EQEEL is the electroluminescence (EL) quantum yield. 
Figure  4 shows measured EQEEL spectra representing the 
emission of the interfacial CT state.[40–42] We find that for all 
blends except PM6:Y6, the CT state has a lower energy than the 
emissive states in the pure D and A materials (see Figure S3, 
Supporting Information). Furthermore, it can be seen for the 
BTR:PC71BM, NT812:PC71BM and thick junction PM6:Y6 sys-
tems that the change from Langevin to non-Langevin recom-
bination via the processing conditions leads to a stronger 
and red-shifted CT peak. It should be noted that even in thin  

Figure 2. Fill factor and recombination characteristics as a function of disorder a) Device fill factor under solar illumination. Note that the devices had 
different active-layer thicknesses (see Table 1), which contributes to the scatter of the data.[33] b) Recombination coefficient krec for a carrier density 
corresponding to solar illumination. c) Langevin reduction factor γ = kL/krec, where kL is the Langevin recombination coefficient calculated with the 
zero-field mobilities given in Table 1 and assuming a relative dielectric constant of 3.5. The abscissa is the convolution of the disorder values σLUMO 
and σHOMO obtained from temperature dependent SCLC measurements, tr LUMO

2
HOMO
2σ σ σ= + . Dashed lines are a guide to the eye.

Figure 3. Schematic illustration of charge recombination in OSCs. 
Recombination of photo-generated charge carriers in OSCs is mediated 
by the interfacial CT state. The initial step of a non-geminate recombina-
tion event is the encounter of two carriers in the charge-separated (CS) 
state. The encounter rate (kenc) is given by the carriers’ mobility and 
may be reduced relative to the Langevin rate through geometric confine-
ment.[39] The CT state will either dissociate to repopulate the CS state (kd) 
or decay to the ground state (kf) via radiative or non-radiative pathways. 
In non-Langevin systems, carriers in the CT and CS state are in quasi-
equilibrium.[10] The energetic disorder leads to a broadening of both the 
CT and CS state, here assumed to be Gaussian in shape.

Adv. Energy Mater. 2023, 2203576
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junction PM6:Y6 even though the CT state is not observed in the 
EL measurements, the VOC is still almost entirely determined 
by the energetics and kinetics of the CT state. For more details 
on the EL measurements and analysis, see Note S7 (Supporting 
Information).
Figure 5a illustrates that there is a clear correlation between the 

measured ΔVnr values and the energetic disorder parameter σtr 
determined from transport measurements. For small σtr values, 
the voltage loss shows an initial increase but seems to saturate 
the systems with the largest disorder. Even more surprising, 
as shown in Figure  5b, there are very distinct relationships 
between ΔVnr and the bimolecular recombination coefficient  
krec. While for the Langevin systems, no correlation between 
ΔVnr and krec can be seen, the non-Langevin systems show a 
clear exponential dependence between the two quantities.

We first address the relationship between ΔVnr and σtr 
(Figure  5a). It has been shown that the open-circuit voltage of 
OSCs is determined by properties of the interfacial CT state and, 
in the absence of non-thermalised carriers, can be described by[3]

lnOC
CT B f CTV

E

q

k T

q

k N

G
= −







  (4)

where ECT is the energy of the CT state, NCT the density of  
D:A interfaces, and G the generation rate of free charge carriers. 
The total CT state decay rate can be written as a sum of radiative 
and non-radiative channels, kf = kf,rad + kf,nr, with EQEEL being 
a proxy for the ratio between the radiative and the total decay 
rate. In an ideal solar cell, only radiative recombination (which 
is inevitable) occurs and EQEEL equals unity. However, with 
EQEEL values between 10−7 and 10−5, we find that non-radiative 
recombination clearly dominates and kf ≈ kf,nr. Next, we recall 

that the CT-to-ground-state decay is an electron transfer process. 
Therefore, kf,nr can be described in the framework of the semi-
classical Marcus model or, if the coupling to high-frequency 

Figure 4. Electroluminescence quantum yield spectra. Measured EQEEL spectra for OSCs made from the different D:A blends. The data in a–e) rep-
resents devices comprising the fullerene acceptor PC71BM and the data in f–j) represents devices comprising different NFAs. The EL was measured 
using low-injection currents (corresponding to the short-circuit current at 1-sun illumination for each system, see Table S1, Supporting Information) to 
ensure that the charge carriers reach thermal equilibrium before recombining.

Figure 5. Non-radiative voltage loss and its interrelations. a) Non-radia-
tive voltage loss ΔVnr determined from the measured EQEEL according to 
Equation (3) as a function of energetic disorder. b) Recombination coef-
ficient krec as a function of ΔVnr. For the non-Langevin systems (γ  ≫ 1),  
a clear correlation between krec and ΔVnr can be seen. No such correla-
tion is apparent for the Langevin systems (γ ≈ 1), where the assumption 
of quasi-equilibrium between free carriers and CT states does not hold.

Adv. Energy Mater. 2023, 2203576
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vibrational modes is considered, the Marcus–Levich–Jortner  
model. Both models account only for the dynamic disorder, 
that is, the coupling to vibrational modes, which is given by 

2D
2

Bk Tσ λ= , where λ is the reorganisation energy. However, 
as detailed in Note S8 (Supporting Information), they can be 
extended to account for static disorder by substituting D

2σ  with 
the total disorder T

2
S
2

D
2σ σ σ= + . Upon considering static dis-

order, the semiclassical Marcus formula reads[2,19,43]

2 1

2
exp

2
f , el

2

T
2

CT
2

T
2�

k V
E

nr
π

σ
λ

σ
( )= −

−







  (5)

where Vel is the electronic coupling between the CT state and 
the ground state. We note that in contrast to kf,nr, the radiative 
rate constant kf,rad is only slightly affected by σS. Therefore,  
according to Equations  (3)–(5), it is kf,nr that defines the 
dependence of ΔVnr on σS. According to previous theoretical 
work,[22] kf,nr (and thus ΔVnr) sharply increases with σS when 
the disorder is small and reaches a plateau at large σS values. 
Finally, we note that the static disorder parameter σS that enters 
in Equation  (5) and the corresponding Marcus–Levich–Jortner 
equation (see Note S8, Supporting Information) and the para-
meter tr

2
HOMO
2

LUMO
2σ σ σ= +  used above for the discussion of 

charge transport are interrelated. The static disorder respon-
sible for the broadening of the CT states can be written as 

S
2

HOMO
2

LUMO
2

el
2σ σ σ σ= + + , where elσ  is the width of the electro-

static interaction energy distribution for holes and electrons at 
the D:A interface.[22] Thus, a larger trσ  in general would mean 
also a larger Sσ , which together with Equations (3)–(5) explains 
the trend between ΔVnr and σtr in Figure 5a. Further evidence 
for the importance of static disorder comes from the injection 
dependent EQEEL measurements (see Figure S4, Supporting 
Information). It is observed that increasing the injection current 
leads to the emergence and/or enhancement of the (D or A)  
exciton feature, while there is a decrease in the intensity of the 
CT peak. One explanation for such observations is thermal pop-
ulation due to carrier heating. However, as these systems posess 
a high carrier density (since recombination is slow), we assign 
the behaviour in our EL data to a signature of state filling occur-
ring in the presence of static disorder.

We now turn to the correlation between krec and ΔVnr 
(Figure  5b). Following the kinetic model outlined in Note S5 
(Supporting Information), quasi-equilibrium between CT states 
and free charges in the CS state implies that the recombination 
coefficient krec can be linked to the CT decay rate via

rec
f

d f
enck

k

k k
k=

+
 (6)

For the discussion here, the most relevant parameter in 
Equation  (6) is the overall decay rate of the CT state to the 
ground state, kf =  kf,rad +  kf,nr, which defines the lifetime of the 
CT state. As mentioned above, in organic systems kf is domi-
nated by non-radiative decay channels, kf ≈ kf,nr, which is also 
evident from the observed EQEEL values between 10−7 and 10−5, 
see Figure 4, Table 1. From Equation (3) to (6), a general trend 
between krec and ΔVnr is expected if quasi-equilibrium between 
CT and CS states prevails. In D:A blends with short-lived CT 

states (large kf,nr), bimolecular recombination is diffusion-
limited (Langevin systems, krec  ≈ kL), meaning that every pair 
of free carriers forming a CT state will recombine. Thus, in 
this case, krec and ΔVnr are uncorrelated, as the recombination 
rate is solely given by the carriers’ encounter rather than the 
kinetics of the formed CT state. In contrast, in the case of long-
lived CT states, krec ≈ kf,nr/kd, indicating that krec should depend 
on disorder. Thus, for the non-Langevin systems, the only para-
meter common between krec and ΔVnr is the non-radiative CT 
decay rate, and the reduction in recombination losses is due to 
a reduced kf,nr (i.e., a longer CT lifetime) rather than the energy 
or the total density of the CT states.

Thus, our data for the first time experimentally shows for a 
range of D:A blends, including the latest NFA-based systems, 
the simultaneous reduction of krec and ΔVnr with the reduced 
(static) disorder as previously theoretically suggested.[22] The 
theoretical work by Coropceanu and Brédas employed mole-
cular dynamics simulations combined with density functional 
theory calculations on P3HT:PCBM. The calculations evaluated 
the impact of static and dynamic disorders. The radiative and 
non-radiative transition rates were also evaluated and it was 
found that even a small amount of static disorder can have a 
very large negative impact on the non-radiative recombination 
rates (due to its exponential dependence). These findings are 
also in line with recent work by Vandewal and co-workers[44] 
showing a relationship between non-radiative recombination, 
reorganisation energy and the spectral width of the EL emis-
sion, as well as earlier work relating the CT decay time with 
photoluminescence quantum yield.[10,45] Moreover, our data 
show that such a correlation between voltage loss, recombina-
tion and disorder does not exist for Langevin systems with a 
fast CT decay (since recombination is diffusion limited), as 
indicated by the plateau regions in Figure 5.

The connections drawn herein between krec and ΔVnr 
through the CT decay rate kf indicate that reducing energetic 
disorder is an important prerequisite to gain in the FF and VOC 
concomitantly. It should be noted that even though the CT life-
time consists of the decay rate (kf) of the CT state and its dis-
sociation rate (kd) to free carriers, VOC is independent of the CT 
dissociation or free carrier encounter rate constant (kenc). Fol-
lowing the same line or arguments, it is also important to note 
that a prolonged carrier lifetime does not necessarily result in 
an increased VOC. Rather, the VOC only depends on the decay 
of the CT state to the ground state (and other properties of the 
CT state). Indeed, decreasing kenc or increasing kd will result in 
a long carrier lifetime, but will have no effect on VOC as long as 
the CT state decay rate constant kf remains unchanged. Thus, 
in order to simultaneously improve both the FF and the VOC, kf 
must be reduced.

Whilst in this work we demonstrated some active layer 
engineering strategies for mitigating energetic disorder, other 
approaches such as creating vertical segregation or use of ter-
nary systems are also effective methods to reduce energetic 
disorder. In terms of material design strategies, although the 
material design strategy to effectively lower the energetic dis-
order of OSCs is not yet perfectly clear, studies have however 
shown that precise control of the structure of organic materials 
can be a direct and effective method; the energetic disorder 
can be influenced by structural features of organic materials 
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through high crystallinity, good molecular rigidity and small 
reorganization energy. For instance, materials that contain 
conjugated macrocyclic units usually possess strong crystal-
linity. The rational introduction of non-covalent interaction 
could effectively fine-tune the molecular planarity and crystal-
linity properties. In addition, previous work in agreement with 
experimental data presented here has suggested that sphere-
like fullerenes, or molecules generally, can induce unfavorable 
electrostatic hole–electron interactions which contribute to the 
static disorder.[46,47]

3. Conclusion

In conclusion, we have investigated the relationship between 
energetic disorder and non-radiative charge recombination in 
organic solar cells. From an extensive experimental study based 
on a range of fullerene and non-fullerene organic solar cell 
systems, we find that reducing static energetic disorder is the 
key to reducing free-carrier recombination and non-radiative 
voltage losses, leading to a simultaneous improvement of the 
fill factor and open-circuit voltage. Using the modified Marcus–
Levich–Jortner model, we postulate that the underlying mecha-
nism is an interrelation between the decay rate of the interfacial  
CT state and the broadening of the DOS experienced by car-
riers in the CT manifold; a narrower distribution, that is, less 
energetic disorder, results in a slower (non-radiative) decay 
of the CT state. This results in reduced non-radiative recom-
bination and with this, total CT recombination. Therefore, 
minimising energetic disorder is a critical design criterion for 
further increasing the performance of organic solar cells and 
ultimately breaking the 20% efficiency limit. Systematic reduc-
tion of disorder, for example through suitable adaptation of the 
morphology in terms of aggregation and conformation, has 
the potential to simultaneously improve charge transport and 
reduce recombination and voltage losses.

4. Experimental Section
Materials: All photoactive materials were purchased from 1-Material, 

except for NT812 and PPDT2FBT that were synthesised according to 
previous reports.[48,49]

Devices: The device structure of solar cells is indium tin oxide (ITO)/
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)/
active layer/cathode. Devices were prepared on patterned ITO-covered 
glass substrates that were pre-cleaned with detergent, deionized water, 
acetone, and 2-propanol in an ultrasonic bath and treated with oxygen 
plasma at room temperature. PEDOT:PSS was spin-coated in ambient 
air and annealed at 150 °C for 15  min. The active layer was prepared 
by dissolving the D and A in a common solvent and spin coating the 
blend solution in a nitrogen-filled glove box. The cathode consists of 
either a solvent-processed or vapour-deposited electron-transport layer 
and a thermally evaporated metal electrode. Details on the processing 
of the individual blends and the preparation of the cathode depending 
on the blend system can be found in Note S1 (Supporting Information). 
For electron-only devices, the PEDOT:PSS layer was replaced by ZnO 
nanoparticles dissolved in 2-propanol (Avantama N-10) that were spin-
coated in ambient air and annealed at 120 °C for 30 min. For hole-only 
devices, the cathode was replaced by 20 nm of MoO3 and 100 nm of Au 
that was thermally evaporated on top of the blend layers. The effective 
area of the devices was 0.06  cm[2] for J–V and EL measurements and 

0.011 cm[2] for BACE measurements (which was measured by Dektak, the 
Bruker model).

Current–voltage measurements: J–V curves were measured at room 
temperature inside a glove box with a Keithley 2400 source measuring 
unit in a two-wire configuration. Simulated AM1.5G illumination at 
100 mW cm−2 was provided by a filtered Oriel Class AAA Xenon lamp 
calibrated with a KG5-filtered Si solar cell (certified by Fraunhofer 
ISE). The light intensity was continuously monitored with a Si 
photodiode. For temperature-dependent J–V measurements, samples 
were placed in a liquid nitrogen cryostat. Details of the analysis of 
temperature-dependent SCLCs are given in Note S3 (Supporting 
Information).

Bias-assisted charge extraction (BACE): To establish steady-state 
conditions, a high-power (1 W) 638-nm laser diode (InsaneWare) with 
a switch-off time of 10 ns was used. The laser diode was operated at 
500 Hz with a duty cycle of 50%. A pulse generator (Agilent 81150A) 
was used to apply the pre-bias (matching VOC) and collection bias 
voltage, which were amplified by a home-built amplifier allowing 
for fast extraction times of 10–20 ns. The current transients were 
measured over a 10 Ω resistor in series with the sample and 
recorded with an oscilloscope (Agilent DSO9104H). More details 
of the measurement principle can be found in Note S2 (Supporting 
Information).

Electroluminescence: EL spectra were acquired using a spectrometer 
(Andor SR393i-B) equipped with a thermoelectrically cooled Si CCD 
sensor (iDus DU420A BR-DD) and InGaAs photodiode array (iDus 
DU491A-1.7). The voltage was applied to the devices using a Keithley 
2400 source measuring unit, and the spectra were collected at different 
injection currents. All measurements were spectrally calibrated using a 
halogen lamp with a known spectral irradiance. The normalised EL spectra 
were scaled to absolute values by a separate calibration measurement, 
where the absolute photon flux was measured with a calibrated Si 
photodiode for the same injection conditions. The EL quantum yield was 
calculated based on the total number of emitted photons and the number 
of injected charges. More details on the determination of EQEEL and ΔVnr 
can be found in Note S6 (Supporting Information).

Code Availability: To determine the energetic disorder, we used the 
open-source program https://github.com/mkemerink/FitSCLC.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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