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ABSTRACT  

Mixing different compounds to improve functionality is one of the pillars of the organic 

electronics field. Here, the degree to which the charge transport properties of the constituent 

materials are simply additive when materials are mixed is quantified. It is demonstrated that in 

bulk heterojunction organic solar cells hole mobility in the donor phase depends critically on 

the choice of the acceptor material, which may alter the energetic disorder of the donor. The 

same holds for electron mobility and disorder in the acceptor. The associated mobility 

differences can exceed an order of magnitude compared to pristine materials. Quantifying these 

effects by a state-filling model for the open-circuit voltage (VOC) of ternary 

Donor:Acceptor1:Acceptor2 (D:A1:A2) organic solar cells leads to a physically transparent 

description of the surprising, nearly linear tunability of the VOC with A1:A2 weight ratio. It is 

predicted that in binary OPV systems, suitably chosen donor and acceptor materials can 

improve the device power conversion efficiency (PCE) by several percentage points, for 

example from 11% to 13.5% for a hypothetical state-of-the-art organic solar cell, highlighting 

the importance of this design rule. 
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INTRODUCTION 

 

Designing new functional compounds by mixing two or more materials together has been one 

of the major assets of organic electronics. By such means e.g. novel resistive switches,1 high-

mobility field-effect transistors,2 efficient light-emitting electrochemical cells3 and diodes,4 as 

well as organic solar cells, have been designed and delivered. Focusing on the latter, making 

an optimal combination of an electron donating material (D) and an electron accepting material 

(A) in a bulk heterojunction (BHJ) for efficient organic photovoltaic devices (OPV) is an 

incredibly complicated and multi-facetted endeavor, despite the seemingly simple approach of 

material mixing. Focus areas in the development of new materials and devices have since long 

been the selection of energy levels5 and control over the multiscale microstructure.6 In parallel, 

the field has increased its understanding of how these aspects translate into current, voltage and 

power by using increasingly advanced device models.7–10 In many of such models, the sense 

that the physical properties of the BHJ can be approximated by ‘simple’ addition of the 

properties of constituent materials, seems reflected in the use of constant values for electronic 

properties like mobility or energetic disorder, irrespective of donor-acceptor mixing. Although 

it is known that e.g. the hole mobility in the donor phase may depend critically on the amount 

of acceptor material,11,12 such aspects have received relatively little attention. While this may 

not pose any problem when describing a single OPV device, it can become problematic if one 

aims to evaluate a range of D:A compositions or several material combinations – if one uses 

quantitative predictions in search for the optimal device, the composition dependence of the 

mobility and/or the energetic disorder should be accounted for.5,13 

The same issue of composition-dependent properties can be expected to arise when one looks 

for optimal ternary OPVs.14 Recently, ternary BHJs have been proposed as a facile method to 

achieve high power conversion efficiencies (PCE) via enhanced absorption and increased fill 

factor (FF). There has been extensive and valuable work on the effect of the material 
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crystallinity on the energetic disorder and therefore on the device Voc.15–20 Results that are both 

encouraging and puzzling have been obtained.21–24 In particular, the mechanism underlying the 

quasi-linear tunability of the open-circuit voltage (VOC) in both D:A1:A2 and D1:D2:A devices 

is still heavily debated, hampering a rational search for optimal ternary BHJs.  

Here, we experimentally demonstrate that in OPV devices the energetic disorder of the donor 

HOMO can vary considerably, depending on the donor material and the choice of the acceptor 

(Figure 1a). Conversely, the donor material can affect the LUMO disorder of the chosen 

acceptor. More concretely, we show that the disorder of the HOMO level in a prototypical 

polymer donor (TQ1)25 is not significantly affected by the presence of IC60BA or PC71BM (for 

the same D:A weight ratio) whereas it increases (decreases) substantially in the case of 

PCDTBT (PTB7) polymers. Likewise, the LUMO disorder of both IC60BA and PC71BM 

increases similarly (by ~12meV) upon mixing with the TQ1 donor. As disorder crucially 

influences the open-circuit voltage (VOC),14,20 VOC is therefore not only determined directly by 

the HOMO and LUMO energy levels and the stoichiometry of the selected donor and acceptor 

materials in the ternary blend, but also indirectly via the mutual effect on the disorder of the 

HOMO and LUMO levels. 

As a striking and urgent example, we use experimentally extracted Gaussian disorder values 

to quantitatively explain the VOC dependence on composition in ternary BHJs of the type D:(1-

x)A1:(x)A2, (0≤x≤1). We study our own ternary BHJ OPV systems as well as several others 

reported in literature. Evaluating the effect of the energetic disorder in state-of-the-art binary 

organic solar cells shows that the PCE can vary by as much as several percentage points (for 

example from PCE = 10.8% to 13.5%). This is the case for hypothetical ‘compatible’ D:A 

combinations, where the pristine material disorder is not affected by the presence of the other 

material, and ‘incompatible’ material combinations, where disorder is significantly increased 

upon mixing. These results highlight the importance of understanding and controlling the 
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effects of donor-acceptor mixing on the energetic disorder of the constituent materials in binary 

and ternary bulk heterojunction devices.24 

 

RESULTS AND DISCUSSION 

 

First, we will demonstrate the effect on the HOMO disorder of TQ1, PCDTBT and PTB7 

when these donor polymers are mixed with either PC61BM or PC71BM as the acceptor. 

Likewise, we will also discuss the effect on the disorder of the acceptor LUMO in a binary 

mixture. After that we will demonstrate how the donor HOMO and acceptor LUMO disorders 

vary depending on the stoichiometry of a ternary BHJ blend with two different acceptors 

TQ1:(1-x)PC71BM:(x)IC60BA (0≤x≤1). 

Full material names and sample preparation details are given in the experimental section. In 

order to obtain a reasonable approximation for the HOMO and LUMO disorder (𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 , 𝜎𝜎𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻), hole- and electron-only devices were fabricated and temperature-dependent space-

charge limited current (SCLC) measurements were performed. Zero-field mobilities were 

extracted according to the Murgatroyd law:26 

𝐽𝐽 =
9

8
𝜀𝜀𝑟𝑟𝜀𝜀0𝜇𝜇0 (𝑉𝑉 − 𝑉𝑉𝑏𝑏𝑏𝑏)2𝐿𝐿3 𝑒𝑒�0.891𝛾𝛾�(

𝑉𝑉−𝑉𝑉𝑏𝑏𝑏𝑏𝐿𝐿 )�
(1) 

Where μ0 and γ are the (temperature-dependent) zero-field mobilities and field enhancement 

factors, respectively. The validity of this model relies on γ being linearly-dependent on 1/T2, as 

is the case for all the materials studied in this work, see the Supporting Information. 

The energetic disorder was estimated in the framework of the Gaussian disorder model 

(GDM) using μ0(T) = μ* exp[-(0.66σ/kT)2].26,27 In this equation, μ* is the mobility at infinite 

temperature T and 𝜎𝜎 is the broadening of the Gaussian density of states (DOS), or simply the 

disorder. All JV data, SCLC/GDM fits and extracted mobilities are shown in figures S1 

(HOMO) and S3 (LUMO) in the Supporting Information. 
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The above procedure was followed to compare the HOMO disorder of pristine TQ1, 

PCDTBT and PTB7 with that of TQ1:PCBM (1:1 weight ratio), PCDTBT:PC61BM (1:2 weight 

ratio) and PTB7:PC71BM (1:1.5 weight ratio) blends. The resulting HOMO and LUMO 

disorder values are presented in Figure 1a. All Gaussian disorder values together with their 

respective hole and electron mobilities at room temperature are shown in Table 1. Note that 

only the relevant charge transport levels for OPV devices were investigated, i.e. the HOMO of 

the donor and the LUMO of the acceptor. 

 

 

Figure 1. a) (left) HOMO disorder values for pristine TQ1, PCDTBT and PTB7 together with 

binary blends TQ1:PC71BM, PCDTBT:PC61BM and PTB7:PC71BM (1:1, 1:2 and 1:1.5 weight 

ratios respectively). (right) LUMO disorder values for pristine PC71BM, IC60BA and binary 

blends with TQ1 in 1:1 weight ratio b) HOMO (red) and LUMO (blue) disorder values for 

TQ1:(1-x)PC71BM:(x)IC60BA (0≤x≤1) ternary BHJ blends. .   

For TQ1, the addition of PC71BM at a 1:1 weight ratio has only a minor effect on the HOMO 

disorder, changing from 93meV to 92 meV. This is possibly because TQ1 is a rather amorphous 

polymer.25 In contrast, the HOMO disorder of pristine PCDTBT (62 meV) increases 
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substantially upon addition of PC61BM in a 1:2 weight ratio blend (93 meV). Such behavior 

(although less pronounced) has also been reported for APFO-15 mixed with PC61BM.28 In 

contrast, the HOMO disorder of pristine PTB7 is reduced from 88 meV to 71 meV upon mixing 

with PC61BM in a 1:1.5 ratio.29 This shows that the effect of acceptor addition on the HOMO 

disorder is material specific. 

The resulting HOMO/LUMO disorder is expected to depend on the D:A weight ratio.11,12 

This is indeed the case. For example, previous work has shown that mixing PCDTBT with 

PC71BM at a higher weight ratio (1:4) can in fact decrease the energetic disorder in 

PCDTBT:PC71BM due to a reduced trap density in the blend.30 This is also the case when TQ1 

is mixed with PC71BM at a higher D/A weight ratio (1:2.5), the HOMO disorder then decreases 

to 83 meV rather than retaining the pristine polymer value (~92 meV) as in a 1:1 blend, see the 

Supporting Information (Figure S2). We have previously shown that in the 1:2.5 blend the 

disorder is reduced as a result of filling the trap states in the pristine polymer.31 Previous work 

has also shown that the performance of TQ1:PC71BM OPVs is similar for the weight ratios 1:2, 

1:3 and 1:4.32 Since here we are mostly interested in monitoring the effect of the different 

materials on the disorder, the D:A weight ratio was therefore further kept to 1:1 for all blends. 

Comparing the HOMO disorder values of pristine TQ1, PCDTBT and PTB7 to those found in 

the blends with PCBM, indicates that the effect of mixing on material disorder is material and 

D/A stoichiometry specific, and may possibly be engineered for a positive outcome, such as for 

example in TQ1:PC71BM or PCDTBT:PC71BM.  

To study the effect of mixing on different acceptors we have chosen the commonly used 

acceptors PC71BM and IC60BA, the latter of which is commonly used to obtain a high device 

Voc.33 We find that the disorder of pristine ICBA is higher than that of pristine PC71BM (59 

meV vs 70 meV), possibly due to the additional side chains of the ICBA molecule. A similar 

argument has been used to explain the decrease in carrier mobility in fullerene multi-adducts.34 
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As for the HOMO level above, the presence of TQ1 affects the disorder of the PC71BM and 

IC60BA LUMO in a similar way, increasing the PC71BM LUMO disorder from 59 meV to 71 

meV and that of IC60BA from 70 meV to 82 meV when blended with TQ1. Similar results have 

been reported for C60, where upon addition of an increasing amount of donor material in C60, 

the LUMO disorder increased significantly from 58 meV to 95 meV.35 The origin of the 

increasing LUMO disorder upon mixing is possibly related to the disrupted packing of the 

fullerene molecules in a BHJ.35  

The results above highlight the need to consider not only the energetic disorder of the pristine 

materials but also that of the actual blend. In particular, the variable disorder upon donor-

acceptor mixing has implications on Voc and thereby on the performance of conventional 

binary OPVs, as we will confirm below.20 However, specific trends in the donor 𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 and 

acceptor 𝜎𝜎𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻lead to an unexpected phenomenon in ternary BHJ of the type D:A1:A2 that 

corroborates the above findings and will therefore be discussed first. 
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 𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 
[meV]   

Hole mobility 
(300K) [cm2V-1s-1] 

𝜎𝜎𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻  
[meV]   

Electron mobility 
(300K) [cm2V-1s-1] 

TQ1 pristine 93.4   6.04·10-6 - - 

  TQ1:PC71BM 1:1  92.3   1.21·10-5 71.4   8.7·10-6 

TQ1: PC71BM: IC60BA 1:0.7:0.3 87 3.67·10-5 73.1 2.73·10-5 

TQ1: PC71BM: IC60BA 1:0.5:0.5 84.8 7.36·10-5 74.5 1.35·10-6 

TQ1: PC71BM: IC60BA 1:0.3:0.7 83.8 2.52·10-6 78.6 6.46·10-7 

TQ1:IC60BA 1:1 90 1.31·10-5 81.6 8.08·10-5 

PC71BM pristine - - 58.6   1.3·10-3 

IC60BA pristine - - 69.8   4.75·10-4 

PCDTBT pristine 62.8 1.48·10-4 - - 

PCDTBT:PC61BM 1:2 93.4 1.71·10-5 - - 

PTB7 pristine 88.1 1.18·10-3 - - 

PTB7:PC71BM 1:1.5 71.3 2.92·10-4 - - 

 
 

Table 1. HOMO and LUMO disorder values derived from GDM fits to hole- and electron-only 

TQ1:PC71BM and TQ1:IC60BA SCLC data, measured in the dark. 

 

The disorder of TQ1 HOMO in a ternary TQ1:(1-x)PC71BM:(x)IC60BA (0≤x≤1) blend 

decreases upon the addition of two acceptor materials and is smaller than in the binary blends 

(Figure 1b and Table 1). More concretely, 𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 of pure TQ1 is initially 93 meV and decreases 

(negligibly) to 92 meV when PC71BM is added in a 1:1 donor:acceptor weight ratio. As more 

IC60BA is added in a ternary TQ1:(1-x)PC71BM:(x)IC60BA composition, the disorder 

decreases further reaching a minimum of 84 meV for the TQ1: PC71BM: IC60BA 1:0.3:0.7 
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blend before it returns to the value of 90 meV for the binary TQ1:IC60BA 1:1 blend. This shows 

that it is possible to favorably tune the energetic disorder of the donor in a ternary D:A1:A2 

blend and that the change is non-linear. 

In contrast, the LUMO disorder is monotonously increasing with IC60BA concentration and 

does not have a minimum at intermediate ternary compositions (Figure 1b). More concretely, 

the LUMO disorder of 71.4 meV for the TQ1:PC71BM 1:1 binary blend increases gradually for 

all ternary compositions until it reaches a maximum of 82 meV for the TQ1:IC60BA 1:1 binary 

blend. In order to investigate the effect of the different disorder values on VOC, a series of 

ternary TQ1:(1-x)PC71BM:(x)IC60BA (0≤x≤1) BHJ OPV devices was fabricated. JV curves are 

shown in Figure S4 in the SI. The resulting experimental data of VOC vs. acceptor composition 

is shown as black symbols in Figure 2. The experiments confirm the continuous tunability of 

VOC that was shown before in other systems.36–39 The highest VOC is recorded for the 

TQ1:IC60BA binary device as expected, since the LUMO of IC60BA is higher in energy than 

that of PC71BM. The close to linear composition dependence of VOC, as opposed to a simple 

pinning to the deepest acceptor LUMO (PC71BM), is so far unexplained in literature. With the 

variable disorder data at hand, the behavior of VOC vs. acceptor stoichiometry can now be 

understood by a simple quasi-equilibrium state-filling model, which we demonstrate below. 
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Figure 2. Measured (black squares) and simulated (red triangles) VOC for TQ1:(1-

x)PC71BM:(x)IC60BA (0≤x≤1) ternary BHJ based OPVs under 1 Sun illumination. The quasi-

equilibrium state-filling model is used with the experimental 𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  (red open circles) and 𝜎𝜎𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻 (red open diamonds) as well as constant 𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻/𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻 (dashed blue lines), as indicated 

in the inset. 

Assuming constant disorder, we have previously successfully modelled similar, but more 

strongly curved data for D1:D2:A-type ternary compounds.14 Here, we extend this model to 

account for variable energetic disorder. In brief, the model assumes quasi-equilibrium and an 

occupation of the HOMO and LUMO levels that is the same for all compositions. The physical 

justification of this assumption is the constant 1 Sun light intensity under which VOC was 

measured for all ternary devices and the fact that the concentration of the main absorber, TQ1, 

does not change. Other, known input parameters are the disorder values from Table 1 together 

with the positions of the material HOMO and LUMO levels.32,38 The active layer is treated as 

an effective medium, i.e. nanoscale morphology variations, such as possible coexistence of pure 
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and/or mixed phases, are not explicitly accounted for. As such, energy level positions and 

disorder values correspond to the phase that is most relevant to charge extraction and VOC. The 

occupation is calculated from an optical model incorporating the measured TQ1 absorption 

spectrum, the AM1.5 solar spectrum and a simplified transport model that also predicts the 

short-circuit current density jSC.14 VOC is then calculated as the splitting between the quasi-

Fermi levels of holes and electrons for the calculated occupation, see Figure 3; the PCE is 

calculated from VOC, jSC and a constant fill factor (FF). The full table with input parameters for 

the model is given in the SI as Table S1, together with a short summary of the used equations 

for the transport and optical models.  

It is important to stress that only relative energetic disorder differences between the different 

compounds are relevant for this study, as these determine the resulting VOC trends in the model. 

The absolute values derived from the GDM and used as input to the quasi-equilibrium model 

may depend on the material batch and device preparation/measurement conditions. Hence, they 

may slightly differ from literature data. Along this line, possible doping effects from MoO3 on 

hole-only devices40 were not further investigated, as all devices were prepared and measured 

simultaneously to ensure that correct relative differences in material disorder were monitored.  

Figure 2 shows that the simulated VOC vs. acceptor stoichiometry is in very good agreement 

with the experimental data, but only when the composition-dependent disorder was considered 

(red square points). It should be stressed that, when assuming a composition-invariant disorder, 

it was impossible to reproduce the experimental data with physically reasonable parameters 

(blue dashed line). Likewise, assuming an exponential shape of the DOS did not result in a 

consistent description of our own or literature data (to be discussed below). In contrast, for 

several D1:D2:A ternary OPVs we were able to describe the experimental data using a constant 

HOMO/LUMO disorder, suggesting that the choice of the donor material has a lesser effect on 
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the LUMO disorder of fullerene-derivatives (possibly related due to the shape of the PCBM 

molecule) than the choice of acceptor material has on the disorder of the donor. 

To give a better understanding as to why a variable disorder changes the trend in Voc vs. 

ternary composition, the basic idea of the state-filling model is schematically shown in Figure 

3. VOC increases as a result of the higher LUMO of IC60BA as compared to that of PC71BM, 

in combination with the gradual crossover that gives rise to a linear drop in the (lower) PCBM 

contribution to the total LUMO DOS and a corresponding rise in the (higher) ICBA 

contribution. In the figure, a constant donor disorder has been assumed. However, if the 

disorder of the donor HOMO and acceptor LUMO changes with ternary composition, as the 

experiments indicate, the quasi-Fermi levels of the holes and the electrons will be affected 

accordingly. Larger disorders in either HOMO or LUMO will lead to more pronounced deep 

tails in the DOS and hence to a smaller VOC, whereas smaller disorders will lead to higher Voc. 

In the present case, i.e. using the disorder values from Table 1, the net increase in VOC becomes 

a steeper function of composition and hence appears to be more linear as shown by the red 

symbols in Figure 2 that track the experimental data rather accurately. 
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Figure 3. Schematic energy diagram showing the occupation of the composition-dependent 

DOS and the resulting VOC vs. relative IC60BA concentration in D:A1:A2 ternary based OPVs. 

VOC is defined as the difference between the electron and hole quasi-Fermi levels (thick black 

lines) for a given occupation, as indicated by the blue dashed line. 

 

It should be pointed out that the present interpretation focuses on the energetics of the system 

and is proposed as a universal tool, applicable to any binary or ternary OPV system. Although 

variations in the active layer morphology, which tend to be highly material-specific, are not 

explicitly accounted for, their presence is indirectly accounted for as an effect on the energetic 

disorder. We will show below that our model can also explain literature data for materials with 

distinctly different morphologies. For the present TQ1:PC71BM:IC60BA ternary system, AFM 

images do not indicate any significant morphological effects (Figure S7 in SI).  

To investigate the generality of the proposed mechanism, we have used our model to explain 

four datasets taken from literature, describing experimental VOC vs. composition data of 
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D:A1:A2-type ternary BHJ OPV devices.36–39 We have deliberately chosen material systems 

that show different degrees of material crystallinity and thus have different active layer 

morphologies (discussed below). Figure 4 shows that all four systems exhibit a quasi-linearly 

tunable VOC. Experimental and modelling results for both variable and constant HOMO/LUMO 

Gaussian disorder values are also shown in Figure 4. Detailed input parameters for the model 

are found in SI Table S2. All four experimental datasets can be successfully reproduced by the 

quasi-equilibrium state-filling model, provided that variable LUMO/HOMO disorders are taken 

into account. By lack of explicit disorder measurements, we have used linear interpolation 

between the binary extremes that are indicated in the graph. The absolute VOC values not only 

depend on 𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻, but also on the position of the donor HOMO level, which evidently varies 

between materials. In all cases, a constant 𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  leads to a highly concave composition 

dependence (dashed lines), deviating from the experimental trend for all four systems, similar 

to our TQ1:PC71BM:IC60BA system. This is a strong indication that the same phenomenon of 

acceptor-dependent disorder is occurring for all of these donor polymers, with PCBM 

systematically increasing the disorder of the donor phase more than IC60BA.  
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Figure 4. Experimental VOC vs. acceptor composition data (colored squares) taken from 

literature on ternary OPVs: MEH-PPV:PC61BM:IC60BA (red 36), 

PDPP2TBP:PC61BM:IC60BA (black 37), PTB7:PC71BM:IC60BA (green 38) and 

P3HT:PC61BM:IC60BA (blue 39). The quasi-equilibrium model using variable HOMO/LUMO 

disorder values accurately reproduces the experimental data (solid lines), whereas it fails when 

using constant disorder (dashed lines). Gaussian disorder values used for the HOMO of the 

donor: PC61/71BM (left) and donor:IC60BA (right) binary compounds are indicated. For all 

literature compounds the LUMO disorder values were fixed to the values obtained for the 

TQ1:PC71BM and TQ1:IC60BA binaries (70 meV and 80 meV, respectively) with a linear trend 

in-between. 
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As material crystallinity is reflected in the energetic disorder and the model successfully 

describes both amorphous donor materials (TQ125, MEH-PPV41) and those with a semi-

crystalline character (P3HT, PTB7, PDPP2TBP 42), the proposed model is applicable for a wide 

range of possible D:A1:A2 ternary OPV morphologies. Finally, it should be remarked that with 

the inclusion of variable disorder, the state-filling model presented here enables a consistent 

and universal description of all ternary OPVs, i.e. for both D:A1:A2 and D1:D2:A type 

combinations. 

Consistent description of the effects of donor-acceptor mixing in ternary OPVs also allows 

us to propose guidelines on how to improve the PCE in binary OPVs. More concretely, we 

predict the PCE of binary OPVs, for the case where the constituent materials retain a low 

pristine material disorder, i.e. they are fully compatible, can be improved as shown below. 

To evaluate the PCE, losses associated with the induced-disorder effect, the same model as 

used above for ternaries is employed.14 More concretely, the jSC and FF were fixed to the 

experimental values of the TQ1:PC71BM 1:1 binary OPV device (jSC = 8.9 mA/cm2 and FF = 

0.43). Subsequently the disorder of both the HOMO and the LUMO is varied between 40 meV 

and 110 meV, reflecting both ‘positive’ and ‘negative’ compatibilities between the donor and 

acceptor materials. From the (disorder-dependent) quasi-Fermi levels, VOC is calculated for all 

disorder combinations and, as expected, VOC is found to increase with decreasing disorder. A 

similar calculation for a realistic state-of-the-art OPV device with a PCE around 11% is 

performed to investigate the implications in the limit of high PCEs. The resulting PCE vs. 

acceptor/donor disorder for the two binary devices is shown in Figure 5. Model input 

parameters are given in Table S3. 
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 Figure 5. PCE evaluation of variable HOMO/LUMO disorder values in binary OPVs. a) 

TQ1:PC71BM system assuming constant jsc = 8.9 mA/cm2 and FF = 0.43. The experimental 

PCE is marked with a red dot. Hypothetical OPV devices with pristine PC71BM LUMO 

disorder (yellow dot) are indicated. b) Same for a hypothetical high-performance OPV with 

variable degrees of material compatibility leading to different HOMO and LUMO disorders, 

using constant jsc (17 mA/cm2) and FF (0.70). 

As shown in Figure 5, there is a significant effect of the HOMO and LUMO disorder on the 

PCE for both devices (via disorder-dependent VOC). For the measured system TQ1:PC71BM 

1:1 (panel a), the PCE predicted by the model is scaled to match the experimental PCE (3.43%, 

red dot). Marked with a yellow dot is the optimum case, where donor-acceptor mixing does not 

affect the disorder of the acceptor material (pristine PC71BM 𝜎𝜎𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻 = 58 meV is retained) – in 

this case the donor-acceptor combination would be perfectly ‘compatible’, resulting in a modest 

relative increase of the PCE by 3.5%. Note that it is assumed that in this hypothetical scenario 

charge separation and transport are not affected. In reality, the increase in PCE is expected to 

be larger, due to improved charge transport occurring in less disordered donor and acceptor 

materials – the estimates shown in Figure 5 may be considered as a lower limit. 

For illustrative purposes, we calculated the PCE of a hypothetical high efficiency OPV 

system, see panel b. Taking realistic disorder values of 80 meV for HOMO and LUMO as the 
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starting point,43 a state-of-the-art absorber would, in our model, give a PCE around 12.2% 

(yellow dot). On basis of the changes observed in Figure 1b we further assume that poor and 

excellent compatibility between the binary constituents give rise to disorder values of 100 meV 

(red dot) and 60 meV (green dot) for both the HOMO and the LUMO. The red and green dots 

in Figure 5 indicate that for state-of-the-art OPVs, materials compatibility can make a 

difference between PCE = 10.8 % and PCE = 13.5% (in the current example). These changes 

could be even larger due to changes in charge transport that we do not account for. Hence, 

keeping the disorder values of the blend close to those of the pristine materials can make a 

significant difference between a good and an excellent OPV device; finding complementary 

materials that minimize the blend disorder below that of the constituent pristine materials allows 

for further improvements. We speculate that this effect may (partially) explain some of the 

recently reported ternary systems that outperform their binary counterparts. 

These findings highlight the importance of utilizing mutually compatible materials in binary 

and ternary BHJs. Although it remains unclear what are the limits of possible improvement, the 

numbers estimated herein indicate that this design rule has a significant impact on device 

performance. Likewise, relating the measured disorder to specific structural or morphological 

features is an interesting topic for further research. 

 

CONCLUSIONS 

 

We have investigated the effect of donor-acceptor mixing on the static energetic disorder of 

the HOMO and LUMO levels of the constituent organic semiconductors. We experimentally 

find that the energetic disorder of the HOMO level for pure donor materials (prototypical donor 

polymers TQ1, PCDTBT and PTB7) is material-specific and can be strongly affected by the 

presence of the acceptor. Similarly, the disorder of the LUMO of PC71BM and IC60BA 

increases upon blending with TQ1. Including measured (variable) HOMO and LUMO disorder 
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values in a quasi-equilibrium state-filling model allows us to quantitatively describe the 

composition dependence of VOC in ternary TQ1:PC71BM:IC60BA solar cells. Applying the 

same model to literature data consistently leads to the conclusion that a composition-dependent 

disorder is required to reproduce the quasi-linear tunability of VOC that is commonly observed 

in D:A1:A2 ternary solar cells. In binary solar cells, the importance of material selection and its 

effect on the disorder, and thereby VOC and the power conversion efficiency are evaluated. For 

state-of-the-art organic solar cells, the use of compatible materials, i.e. materials that induce a 

minimal mutual disorder when blended together, can potentially lead to an increase in the power 

conversion efficiency by several percentage points (for example from 11% to 13.5%), 

highlighting the importance of this design rule. 
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EXPERIMENTAL SECTION 

 

Full Material Names  

Poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl] (TQ1) 

[6,6]-Phenyl C71 butyric acid methyl ester (PC71BM) 

[6,6]-Phenyl C61 butyric acid methyl ester (PC61BM) 

1′,1′′,4′,4′′-Tetrahydro-di[1,4]methanonaphthaleno[1,2:2′,3′,56,60:2′′,3′′][5,6]fullerene-C60 

(IC60BA) 

Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) 

Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl}{3-fluoro-2-[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7) 

Poly(3-hexylthiophene-2,5-diyl) (P3HT) 

DPP2T (dithienyldiketopyrrolopyrrole) and BP (biphenyl) copolymer               (PDPP2TBP)42 

Poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)], 

Poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-

diyl-2,5-thiophenediyl]         (PCDTBT) 
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Photovoltaic Devices: Bulk heterojunction ternary (D:A1:A2 with D:(A1+A2) = 1:1 weight 

ratios) OPVs were made from polymer-fullerene solutions of 25 gL-1 concentration in 1,2-

dichlorobenzene (ODCB) according to the following process: A 40 nm thin film of poly-(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was spin coated on pre-cleaned 

ITO/glass substrates in air. After baking, the active layer was spin coated in a glove box. A 

0.6/90 nm LiF/Al top contact was evaporated on the active layer under vacuum. The device 

areas and thicknesses were measured to be 0.044–0.048 cm2 and 90–110 nm, respectively. The 

jV-curves were measured under simulated AM 1.5 illumination. For all material combinations 

device performance metrics (VOC, JSC, FF and PCE) were measured and averaged for 3 devices 

located on 2 different substrates (6 devices in total), leading to relative errors in device 

characteristics below 5%. As such, the experimental OPV data may be considered as very 

accurate (Figure S5 in SI). 

SCLC devices: Hole-only devices were fabricated following the same process as the OPVs 

except for a modified 10/90 nm MoO3/Al top contact. For the electron-only devices, a 40nm 

ZnO layer was spin coated on ITO/glass pre-cleaned substrates in controlled environment 

followed by the active layer and a (0.6nm/90nm) LiF/Al top contact. Dark temperature-

dependent SCLC jVs were measured using a Janis probe station under vacuum. For the pristine 

PC71BM and IC60BA materials, ZnO was replaced by PEIE (20nm) as the former resulted in 

very rough films.  
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Supporting Information  

  

The Supporting Information is available free of charge on the ACS Publications website. 

Contents: 

 J-V data and SCLC-GDM analysis of hole-only and electron-only devices 

J-V data of ternary TQ1:(1-x)PC71BM:(x)IC60BA (0≤x≤1) BHJ OPVs 

 Equilibrium state-filling, optical and transport model equations 

Short circuit current, Fill Factor and power conversion efficiency for TQ1:(1-

x)PC71BM:(x)IC60BA 0≤x≤1 

Parameter values for Figure 2 

Parameter values for Figure 4  

Parameter values for Figure 5  

Voc vs disorder corresponding to Figure 5  

AFM images for TQ1:PC71BM:IC60BA  
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1. J-V data and SCLC-GDM analysis of hole-only and electron-only devices  

 

SCLC zero field mobilities (μ0) and gamma (γ) values were extracted from the Murgatroyd 
law [1] following the equation:  

𝐽𝐽 =
9

8
𝜀𝜀𝑟𝑟𝜀𝜀0𝜇𝜇0 (𝑉𝑉 − 𝑉𝑉𝑏𝑏𝑏𝑏)2𝐿𝐿3 ∙ 𝑒𝑒�0.891𝛾𝛾�(

𝑉𝑉−𝑉𝑉𝑏𝑏𝑏𝑏𝐿𝐿 )�
       (1) 

where    

  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (𝛾𝛾) =  −� 𝑒𝑒3𝜋𝜋𝜋𝜋𝜋𝜋0�12 𝛮𝛮𝑐𝑐𝑁𝑁𝑡𝑡 � 1𝑘𝑘𝑘𝑘�2 𝐸𝐸𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡  (2) 

In the above equations 𝜀𝜀0 is the vacuum permittivity,  𝜀𝜀𝑟𝑟 is the dielectric constant of the 
material, V is the applied voltage, Vbi is the built-in field of the device, μ0 is the zero field 
mobility, γ is the field enhancement factor, L is the distance between the electrodes, Nc is the 
effective density of states, Nt is the density of traps, k is the Boltzmann constant, T is the 
temperature, e the elementary charge and Etrap is the trap energy level.  

The validity of this model relies on gamma (γ) being linearly-dependent on 1/T2, as is the case 
for all the materials studied in this work, see the Figures below. 
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Figure S1. (Left) Hole-only JV data fitted with the Murgatroyd law. (Middle) Gaussian 

disorder model fit and photo active layer (PAL) thickness. (Right) Linear fit of the gamma 

values. 

 

 

Figure S2.  HOMO disorder of pristine TQ1 blends with PC71BM at 1:1 and 1:2.5 weight ratios 
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Figure S3. (Left) Electron-only JV data fitted with the Murgatroyd law. (Middle) Gaussian 

disorder model fit and active layer thickness. (Right) Linear fit of the gamma values. Rough 

films did not allow the measurement of the thickness in a reliable manner and resulted in high 

energetic disorder values for pristine PC71BM and IC60BA electron-only devices (panels h and 

i).  
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2. J-V data of ternary TQ1:(1-x)PC71BM:(x)IC60BA (0≤x≤1) BHJ OPVs  

 

Figure S4.  J-V data of ternary TQ1:(1-x)PC71BM:(x)IC60BA (0≤x≤1) BHJ OPVs under ~1 

Sun illumination. 
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3. Equilibrium state-filling, optical and transport model equations [2] 

Here, we describe the key equations of the model, a full description is found in our earlier 

work Ref. 2. 

Gaussian density of states (DOS) is described as: 

𝐺𝐺(𝐸𝐸) =
1𝜎𝜎√2𝜋𝜋 exp�−�𝐸𝐸 − 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻/𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻�2

2𝜎𝜎2 �     (3) 

Where ΕHOMO/LUMO is the energy level of the HOMO/LUMO, while σ is the broadening of 

the DOS.  

For ternary blends, the effective Gaussian DOS for the acceptor LUMO is based on the weight 

fraction of Acceptor 1 (fA1), we assume a linear superposition: 

𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑓𝑓𝐴𝐴1 ∙ 𝐺𝐺𝐴𝐴1 + (1 − 𝑓𝑓𝐴𝐴1) ∙ 𝐺𝐺𝐴𝐴2     (4) 

Occupation of the DOS is equal to the integral of the product of the Fermi-Dirac distribution 

and the DOS, which is equal to the ratio of the charge concentration n and the total number of 

available sites N0. For a calculated occupation, EF,el (ho) is the resulting quasi-Fermi level for 

electrons (holes), kB is the Boltzmann constant and T is the temperature: 

𝑛𝑛𝑁𝑁0 = � 𝑓𝑓𝐹𝐹𝐹𝐹�𝐸𝐸 − 𝐸𝐸𝐹𝐹,𝑒𝑒𝑒𝑒(ℎ𝑜𝑜)� ∙ 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒(𝐸𝐸)𝑑𝑑𝐸𝐸∞
−∞      (5) 

𝑓𝑓𝐹𝐹𝐹𝐹�𝐸𝐸 − 𝐸𝐸𝐹𝐹,𝑒𝑒𝑒𝑒(ℎ𝑜𝑜)� =
1

1 + exp �𝐸𝐸 − 𝐸𝐸𝐹𝐹,𝑒𝑒𝑒𝑒(ℎ𝑜𝑜)𝑘𝑘𝐵𝐵𝑇𝑇 �     (6) 
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The open-circuit voltage (VOC) is defined as the difference between the quasi-Fermi levels of 

the electrons and the holes: 

𝑉𝑉𝐻𝐻𝑂𝑂 = 𝐸𝐸𝐹𝐹,𝑒𝑒𝑒𝑒 − 𝐸𝐸𝐹𝐹,ℎ𝑜𝑜   (7) 

The absorption depth as a function of the wavelength LDonor(λ) is calculated as the ratio of an 

effective absorption depth LDonor = 60 nm [3] and the absorption profile of the material. We thus 

assume Beer-Lambert type absorption in the active layer. The resulting absorption spectrum 

A(λ) for a device thickness Ldevice is: 

𝐿𝐿𝐹𝐹𝑜𝑜𝐷𝐷𝑜𝑜𝑟𝑟(𝜆𝜆) =
𝐿𝐿𝐹𝐹𝐷𝐷𝐷𝐷𝑜𝑜𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑛𝑛 (𝜆𝜆)

    (8) 

𝐴𝐴(𝜆𝜆) = 1 − exp �− 𝐿𝐿𝑑𝑑𝑒𝑒𝑑𝑑𝑏𝑏𝑑𝑑𝑒𝑒𝐿𝐿𝐹𝐹𝑜𝑜𝐷𝐷𝑜𝑜𝑟𝑟(𝜆𝜆)
�      (9) 

The flux of photogenerated electrons and holes is estimated by integrating the product of the 

solar spectrum AM1.5, the IQE (taken from experimental data IQE = 80-90% in ref. [3]) and 

the absorption:  

�̇�𝑛 = �̇�𝐴 =
1𝐿𝐿𝑑𝑑𝑒𝑒𝑑𝑑𝑏𝑏𝑑𝑑𝑒𝑒�𝐴𝐴𝐴𝐴1.5(𝜆𝜆) ∙ 𝐼𝐼𝐼𝐼𝐸𝐸 ∙ 𝐴𝐴(𝜆𝜆)𝐸𝐸𝑡𝑡ℎ(𝜆𝜆)

𝑑𝑑𝜆𝜆     (10) 

The free charge concentration is the product of the carrier flux and the defined lifetime for 

holes and electrons: 

𝑛𝑛(𝐴𝐴) = �̇�𝑛(�̇�𝐴) ∙ 𝜏𝜏𝑒𝑒𝑒𝑒(𝜏𝜏ℎ𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜)    (11) 
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Short circuit current jsc and output power Pout are calculated for the respective device 

thickness and fill factor FF, while the power conversion efficiency is the ratio of Pout and the 

incident solar power of the AM1.5 spectrum (100 mW/cm2): 

𝑗𝑗𝑆𝑆𝑂𝑂 = 𝑞𝑞 ∙ �̇�𝐴 ∙ 𝐿𝐿𝑑𝑑𝑒𝑒𝑑𝑑𝑏𝑏𝑑𝑑𝑒𝑒     (12) 

𝑃𝑃𝑜𝑜𝑜𝑜𝑡𝑡 = 𝐹𝐹𝐹𝐹 ∙ 𝑉𝑉𝐻𝐻𝑂𝑂 ∙ 𝑗𝑗𝑆𝑆𝑂𝑂      (13) 

𝑃𝑃𝑃𝑃𝐸𝐸 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑡𝑡 𝑃𝑃𝑏𝑏𝐷𝐷⁄      (14) 

4. Short circuit current, Fill Factor and power conversion efficiency for 

TQ1:(1-x)PC71BM:(x)IC60BA 0≤x≤1  
 

 

Figure S5. JSC, FF (a) and PCE (b) for measured TQ1:(1-x)PC71BM:(x)IC60BA 0≤x≤1 ternary 

BHJ based OPVs under ∼1 Sun illumination. 
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5. Parameter values for Figure 2 
 

Parameter [unit] Value 

HOMO TQ1 [eV] -5.62 

LUMO IC60BA [eV] -3.805 

LUMO PC71BM [eV] - 3.947 

DOS [-] 1027 

IQE [-] 0.75 

Lifetime holes [s] 10-5 

Lifetime electrons [s] [4] 10-5 

FF [-] 0.5 

Thickness Device [m] 90·10-9 

Abs. length TQ1 [m] 60·10-9 

 

Table S1. Quasi-equilibrium state-filling and optical/transport model input parameters used to 

describe experimental VOC vs composition data for TQ1:(1-x)PC71BM:(x)IC60BA 0≤x≤1 

OPVs.  
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6. Parameter values for Figure 4 

 

Donor: 

Acceptor1:Acceptor2 

PDPP2TBP: 

PC61BM:IC60BA 

PTB7: 

PC71BM:IC60BA 

MEH-PPV: 

PC61BM:IC60BA 

P3HT: 

PC71BM:IC60BA 

σ HOMO Donor:Acceptor1 [meV] 130 120 115 115 

σ HOMO Donor:Acceptor2 [meV] 85 85 85 80 

σ LUMO Donor:Acceptor1 [meV] 70 70 70 70 

σ LUMO Donor:Acceptor2 [meV] 80 80 80 80 

HOMO Donor [eV] -5.72 -5.345 -5.5 -5.13 

LUMO Acceptor1 [eV] -3.99 -3.755 -3.74 -3.79 

LUMO Acceptor2 [eV] -3.88 -3.815 -3.847 -3.725 

Occupation of DOS [%]  1·10-4 1·10-4 1.5·10-4 1·10-4 

 

Table S2. Quasi-equilibrium state-filling model input parameters used to describe four different 

Donor:Acceptor1:Acceptor2 VOC vs composition datasets taken from literature5–8. 

 

 

 

 

7. Parameter values for Figure 5 
 

Donor:Acceptor TQ1:PC71BM State-of-the-art OPV 

σ HOMO [meV] 40-110 40-110 

σ LUMO [meV] 40-110 40-110 

HOMO [eV] -5.64 -5.64 

LUMO [eV] -3.972 -3.889 

DOS [-] 1027 1027 

IQE [-] 0.75 0.9 

Lifetime holes [s] 10-5 10-5 

Lifetime electrons [s] 10-5 10-5 

FF [-] 0.43 0.7 

Thickness Device [m] 125·10-9 150·10-9 

Abs. length Donor [m] 60·10-9 30·10-9 

 

Table S3. Quasi-equilibrium state-filling and optical/transport model input parameters used to 

describe TQ1:PC71BM (D:A 1:1) and theoretical state-of-the-art OPV devices. 
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8. Voc vs disorder corresponding to Figure 5 

 

Figure S6. a) Calculated VOC corresponding to Figure 5 in the main text. Evaluation of 

variable HOMO/LUMO disorder values using constant Jsc (8.9 mA/cm2) and FF (0.43) in 

binary OPV. a) TQ1:PC71BM system. The actual VOC for OPVs is marked with a red dot. 

Hypothetical devices with pristine PC71BM LUMO disorder (yellow dot) are indicated. b) 

Same for  hypothetical high-performance OPV with variable degrees of material compatibility, 

leading to different HOMO and LUMO disorders, using constant Jsc (17 mA/cm2) and FF (0.7). 
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9. AFM images for TQ1:PC71BM:IC60BA 

 

Figure S7. AFM images of TQ1:PC71BM:IC60BA ternary compositions for different weights 

ratios: a) 1:1:0 b) 1:0.7:0.3 c) 1:0.5:0.5 d) 1:0.3:0.7 e) 1:0:1.   
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