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1. Abstract 
Organic solar cells (OPVs) have been receiving growing attention for the last years 

due to their cheap and easy processing (spin coating, low-temperature annealing), 

mechanical flexibility, and transparency. The building blocks of the devices – the 

organic materials have a high absorption coefficient and chemical tunability. Today 

OPVs approach efficiencies of 20%. 

To allow for a deeper understanding of the devices, we assembled a new computer-

controlled measurement setup. The system is fully automatic and can measure several 

electrical properties extending over a wide range of applied voltage, five orders of 

magnitude of light intensity, and more than 100[K] of ambient temperature, under 

vacuum. 

To understand the physics behind the OPVs and improve them even further one must 

model them. There are several models for organic heterojunction solar cells. 

However, some of them are too complicated and hard to solve while others are not 

always self-consistent. In this research, we measured and modeled several types of 

OPV devices. We worked with different architectures; the simple bi-layer and the 

modern bulk heterojunction (BHJ), and with different material families; polymers and 

small molecules as donors and fullerenes and Non-Fullerene Acceptors (NFAs) as 

acceptors. 

At first, we suggested a general and flexible framework, which allows comparing the 

relative importance of different physical processes, on equal footing for bi-layer 

devices. Then we expanded the model to BHJs and added the effect of energetic 

disorder which is crucial in analyzing organic devices. Our leading principle is to 

keep the model as simple as possible to achieve a decent fit for measured devices. 

That means we prefer rate equations rather than differential equations and 

approximations where it is possible without compromising the physical picture. For 

instance, we put effort into understanding when it is right or wrong to use 

macroscopic parameters as entropy instead of full microscopic analysis.  

The results are summarized in chapters 5-8 and the main findings are: 

• We suggested a simple framework based on rate equations to analyze OPVs. 
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• Careful and self-consistent analysis shows that the Langevin rate is not an 

over-estimation of the recombination rate, as was thought before. 

• Charge generation and recombination are not necessarily occurring through 

the same set of states. 

• We suggested the EED model for charge dissociation. It is a discrete, self-

consistent model, taking entropy consideration into account. The model 

successfully reproduced data of BHJ solar cell based on NFA device behavior. 

• Relating to diffusion-controlled, local process as Langevin, one should use the 

'disorder-free' mobility which is 1-2 orders higher than bulk mobility. 

• When traps are deep (close to mid-gap) and the contact injection is good, SRH 

recombination may decrease as illumination gets stronger. 

• SRH recombination is taking place in NFA-based devices. 

• We reviewed dissociation models that have been suggested during the last 

century. We tried to organize and explain this jungle. 

• We found the popular Onsager-Braun model is not suited for analyzing 

modern OPVs. Instead, we discussed several alternatives. 

• Entropy considerations are good enough for ordered systems. When 

introducing a disorder to the system this approximation is less accurate. 

However, we expect that for 3D systems the approximation is still useful. 
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2. Abbreviations and 

Notations 
BHJ bulk heterojunction 

CT charge transfer 

CuPc Copper phthalocyanine 

D\A Donor\Acceptor 

DOS density of states 

Eb binding energy 

EED effective entropy-disorder 

EQE external quantum efficiency 

FF fill factor 

HOMO highest occupied molecular orbital 

HTL hole transport layer 

IDQE intensity-dependent quantom efficiency 

IQE internal quantum efficiency 

ITIC 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-

5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-

s-indaceno[1,2-b:5,6-b’]dithiophene 

ITO indium tin oxide 

JSC short-circuit current density 

LUMO lowest unoccupied molecular orbital 

ne or n electron density 

nh or p hole density 

NFA Non-Fullerene Acceptor 

NN nearest neighbor 

OPV organic photovoltaic = OSC 

OSC organic solar cell 

PCE power conversion efficiency 

PEDOT(:PSS) poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

PM6 Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-

benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-
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thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-

c’]dithiophene-4,8-dione)] 

 

PTB7-th Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-

fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] 

QE quantum efficiency 

SRH Shockley-Read-Hole – trap assisted recombination 

TAPC 1,1-Bis[(di-4-tolylamino)phenyl]cyclohexane 

Vbi built-in voltage 

VOC open-circuit voltage 

Y6 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-

12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2",3’':4’,5']thieno[2',3':4,5]pyrrolo[3,2-

g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile 
 

  



5 
 

3. Introduction 
3.1. Organic electronics 

Organic material is a molecule containing primarily carbon and hydrogen. The name 

organic can be confusing. Most of the organic compounds we are using in our daily 

work in the laboratory are synthetic. However, in the past, it was believed that organic 

compounds exist only in nature and cannot be synthesized in vitro. In 1828, 

the German chemist Friedrich Wöhler obtained Urea artificially by treating silver 

cyanate with ammonium chloride. This was the first time an organic compound was 

artificially synthesized from inorganic starting materials, without the involvement of 

living organisms. 

There are a handful of important properties of organic semiconductors with respect to 

inorganic semiconductors (Table 1). These properties serve us to explain other unique 

properties of organic semiconductors (Table 2). 

 Organic Inorganic 

Band gap [eV] 1.5-3.5 0.7-2 

/sec∙V]2Mobility [cm )2-10-4-(typically 10 010-5-10 1,000 

Dielectric constant 3-4 10-20 
Table 1. Comparison of key properties of the majority of organic and inorganic semiconductors 

 Organic Inorganic 

Exciton radius [nm] 
~1 

(Frenkel exciton) 

~10 

(Wannier–

Mott 

exciton) 

Exciton binding 

energy [meV] 
100-1,000 10-100 

Exciton lifetime [ns] 11-0.1 10-20 
Table 2. some more properties of, the majority of, organic and inorganic semiconductors 

Inorganic-ordered materials (rigid crystals) create sharp band structures due to their 

periodic potential (Figure 2(a)). Holes and electrons can move freely across the 
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crystal limited only by dopants, defects, and phonons. This results in relatively high 

charge mobility. 

However, organic materials are soft and arranged as molecules. These materials are 

better known as electrical insulators (as plastic), their molecular structure is very 

different from known inorganic lattice structures and is based on intramolecular 

covalent bonds (σ and π) and intermolecular Van Der Waals interactions and π-π. The 

first conductive ("metallic”) organic material ever synthesized was polyacetylene in 

the 70’s2. The key to electrical conduction in semiconducting organic materials is the 

conjugated π orbitals. The pz orbitals in this conjugated system are parallel or almost 

parallel3 and create a molecular orbital all around the conjugated section of the 

molecule. As the conjugation is longer, the delocalization of an electron in this orbital 

is higher. This situation is similar to the well-known 1D particle in a box problem. 

The discrete energy levels in such a system are: 

(1)    

Where n is the level index, h is plank constant, m is the effective mass and L is the 

length of the box. We simplified here the real situation, an electron in an organic 

molecule is far from behaving as 1D particle in a box. Nevertheless, this example 

gives a sense of how changing the length of the conjugated section can change the 

bandgap of organic molecules. The bandgap is defined as the energy gap between the 

highest occupied molecular orbital (HOMO – or valance band) level and the lowest 

unoccupied molecular orbital (LUMO – or conduction band) level. Conjugation 

length is only one among other factors that influence HOMO and LUMO levels such 

as4 donor-acceptor structure, intermolecular interactions, and planarity of the 

conjugated structure. 

Conjugated systems are typically illustrated in molecular drawings as alternating 

single and double bonds along the conjugated section as shown in Figure 1. 

2 2

28n
n hE
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Figure 1. Examples of the molecular drawing of some conductive polymers5 

This picture of alternating single and double bonds can mislead as the electrons are 

delocalized across the conjugated fragments and two adjacent bonds tend to be 

similar. Each bond in the conjugated fragments is not acting completely as a single 

bond or as a double bond, but all of them are a superposition of both (single and 

double) with different weights. 

The delocalization on the molecule chain limits the maximal conductive fragment 

length to the molecule length. π-π stacking between neighboring molecules (and even 

in the same molecule) extend this limit. However, for most soft materials, even π-π 

stacking cannot extend for longer than a few molecules (the structure is almost 

amorphous). 

Although intramolecular mobility is quite high due to the π-conjugation, in its path 

through the organic layer the carrier must jump between conductive fragments, thus 

the bulk mobility is low. The molecules themselves are only weakly bonded to each 

other by van-der-Waals interactions. There is an energetic barrier to moving from one 

molecule to the other. In this context, the most important transport mechanism is 

tunneling. Tunneling is the bottleneck of the conductivity of the organic. This 

mechanism is called “hopping”. 

A free charge in organic material is not exactly free as it is “bonded” to the lattice. 

Organics are soft materials, the presence of a “free” charge in a molecule changes the 

length of the bonds and this creates a geometric deformation that is coupled to the 

electron. It means that while the charge is moving it carries a geometric deformation. 

The distortion causes vibrations and re-organization of the molecule – a phonon.  This 

electronic-vibronic coupled species is called a polaron. As a soft material, one can 

think of the organic molecule as a spring. This spring nature contributes vibronic 

energy states. 
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3.1.1. Organic as disordered material 
The intermolecular medium presents several types of disorder mechanisms to the 

system. First, a spatial disorder means the molecules are mostly not arranged in the 

periodic structure. Second, an energetic disorder or density of state (DOS) disorder, 

means the energy structure of the molecules can be diverse due to different factors 

such as conjugation length (for polymers), mechanical stress, and interactions with the 

surroundings which are unique to each molecule in the organic layer. From the 

macroscopic perspective, the disorder makes the charges to be much more localized. 

The energetic disorder is recognized by a long tail of states that is stretched deeply 

into the bandgap (Figure 2(b)). This tail can be simulated as an exponentially 

decaying tail – an Urbach tail, or as a Gaussian tail. This tail makes the band edge 

definition of organic semiconductors ambiguous6. Another effect of the tail is that 

organic semiconductors are degenerate for very common injection scenarios. As the 

semiconductor is more degenerate there is a growing deviation from Einstein 

relation7. 

It is sometimes confusing but an electron having high energy can be a vibronically hot 

or DOS hot. In the first case, a relaxation occurs locally on a molecule while in the 

second case relaxation is due to hopping from site to site towards a site in lower 

energy. 

Thus, examining organic semiconductors we must distinguish the good intramolecular 

conductance when the carriers are to some extent delocalized on the organic chain; 

and the poor intermolecular conductance which is activated by the unlikely to occur 

carrier hopping. The intermolecular hopping limits the total charge mobility in 

organic semiconductors. Although Einstein relation cannot be applied as-is to organic 

systems, still poor charge mobility leads to poor charge diffusion. 

It may seem disorder only damages the organic device efficiency. However, in section 

6 we show how it may improve efficiency. 
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Figure 2. illustration of the DOS of a typical (a) inorganic ordered semiconductor (b) organic 

semiconductor 

3.1.2. Optical properties of organic compounds 
Organics act as good light absorbers. Their characteristic absorbance lengths are 

relatively smaller (~0.1-0.2µm) than their inorganics counterparts have (above 1µm). 

The absorption efficiency – absorbed photons to incident photons is wavelength-

dependent (  ). 

For inorganics, after illumination excitation (rabs in Figure 4), the hole-electron pair is 

broken easily. This is not the case for organic materials, when a photon is absorbed in 

an organic layer it creates an excited state of electron and hole strongly bonded 

together. This excited state is called an exciton. The reason is the relatively low 

dielectric constant for organic materials (ε≈3-4). It is logical, high dielectric constant 

means the bulk material creates polarization opposing the applied electrical field, the 

result is a screening of the external field which contributes to the larger radii of 

inorganic excitons. Due to self Coulomb interaction of  and relatively low 

exciton radii, the exciton in organic materials is typically localized on a single 

molecule and the binding energy (Eb) of the organic hole-electron pair is higher. This 

reduced and localized exciton is called also a Frenkel exciton (Eb≈0.1-1[eV], 

r≈1[nm]) which is typical for organics, as opposed to the Wannier exciton 

(Eb<0.01[eV] ], r≈10[nm]) which is delocalized and expanded, which is typical for 

inorganics. 

These excitons can be transported through the bulk by Forster or Dexter mechanisms. 

Forster mechanism is a near-field interaction between two vibrating dipoles and 

decays according to 1/r6 (r is the distance between the initial and final position of the 

( )absh l
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exciton). Dexter is based on the tunneling effect and it decays faster according to 

exp(-r/L). 

However, the exciton may easily decay (the decay rate is notated by rex in Figure 4) in 

a radiative or non-radiative process, it has a characteristic lifetime of 1-10ns. Another 

option of decay is by collision with a “free” charge (polaron), the polaron gain energy, 

and the CT decays (rex-p in Figure 4). The short exciton lifetime combined with the 

poor diffusion gives a short diffusion length for exciton typically 1-20 nm. 

 

3.2. Fundamentals of OPV 
3.2.1. Charge separation 

There are three main structures of organic solar cells excluding tandem and ternary 

cells: single-layer, bi-layer (or planar heterojunction), and bulk-heterojunction (BHJ). 

3.2.2. Single-layer devices 
Primitive organic solar cells (OSCs) where single-layer devices (Figure 5a) are 

assembled as a pristine active layer between two contacts8. 

While the exciton diffuses, one of the counter-charges may transfer to a different 

molecule while the other stays on the original molecule (rexàCT in Figure 4 inset). The 

new specie is called a charge transfer (CT). However not all excitons turn to CTs, 

some of them decay before they transfer the charge. The efficiency of turning to a CT 

is:  . The sign  appears here because we neglect some 

processes such as the CTàex process. 

The asymmetry of the diode is formed due to the work function mismatch of the 

contacts. The asymmetry assisted by applied bias generates (approximately) a uniform 

electric field or a built-in potential across the layer. This field assists CT dissociation 

(rd in Figure 4) to free charges ‘free’ electron (negative polaron) and ‘free’ hole 

(positive polaron). 

There is a wide agreement that Onsager-Braun formalism9 is a decent starting point to 

evaluate the CT dissociation (rd). Correction or addition of specific effects can be found 

in refs [10-12]. The dissociation rate according to the Onsager-Braun formalism appears 

in Equation 2: 

ex CT
CT

ex CT ex ex p

r
r r r

h ®

® -

»
+ +
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(2)  

Bessel function of order  – 1J

one 

 

q – electron charge, µ - mobility, ε – dielectric constant, m - effective electron mass, T 

– temperature, E – electric field, kb – Boltzmann constant, Eb – CT state binding 

energy, nCT - CT distribution. However, there are many alternatives to this formalism. 

We dedicated a significant part of the research to dissociation mechanisms (sections 6 

& 8). 

Another possibility is the two charges may transfer back to the same molecule to form 

exciton (rCTàex) or they recombine to a ground state (rCT) – also called ‘geminate 

recombination’. As the dissociation is faster and the decay (to exciton or ground state) 

is slower the device is more efficient. 

This single layer device has poor efficiency, because of the considerably low 

electrical field that poorly assists CT dissociation while the decaying is much faster. 

In an efficient device, the CT state should dissociate before decay. This dissociation-

decay competition can be summarized as an applied bias-dependent dissociation 

efficiency  . 

The final step in order to generate current is to transport and collect the polarons to 

the contacts before they meet each other and form a CT (rR) through a Langevin 

process or they decay to ground-state by trap-assisted recombination (rSRH). We 

elaborate on the loss mechanisms later on. The recombination competes against the 

transport of charges from the dissociation place to the device contacts. Therefore, high 

mobility is beneficial for efficient charge extraction. The efficiency of this step is: 

, when a0 is a typical junction width. 

3.2.3. Planar heterojunction - Bilayer 
To boost the poor dissociation efficiency, the solution was to boost (rexàCT) and 

suppress the CT decay (rCT and rCTàex) by introducing a planar heterojunction13-14. 

This architecture is named also a bilayer (Figure 5b). 
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Figure 3shows a schematic description of a planar organic heterostructure. The active 

part is a bilayer structure of donor and acceptor materials stacked on top of each other. 

The donor and acceptor are also known as p-type and n-type. However, for organic 

materials (and heterojunctions in general) the p or n nature of the layer is usually not 

determined due to external doping but it indicates if the material will primarily 

transport hole or electrons. This is typically determined by the relative position of its 

HOMO and LUMO levels. The energy level tuning is achieved through molecular 

design. The Donor is named after the donation of an electron to the acceptor when 

exciton is absorbed in the donor. The connection with an external circuit is through 

the cathode and anode, which are at the acceptor and donor sides, respectively. 

Light can be absorbed in the bulk of donor and/or acceptor while the generation and 

recombination of charges take place only at the interface, or junction, between the two 

materials. The ratio between the collection length of the interface (10-20nm) and the 

absorption length (100-200nm) is a primary factor affecting the absorption efficiency 

( ).  

 

Figure 3. Schematic description of a planar heterojunction OSC. 

Here the exciton diffuses to an interface (junction) between two organic layers. When 

the exciton reaches the interface a difference in the HOMOs or/and LUMOs levels 

between the layers, even a small one, serves as a driving force for one of the charges 

to transfer to the other layer (boosting rexàCT). This new species when the hole is in 

one layer (donor) and the electron is in the other layer (acceptor) is a CT in the 

context of bilayers (compare CT in the context of monolayer we discussed above). 

Even more important effect of the energy levels mismatch is the very low likelihood 

that the transferred charge would return to its original layer due to the energy barrier 

at the heterojunction (rCTàex is negligible).  

absh
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Again, the next step is the dissociation of the CT to two polarons. As in heterojunction 

the hole is limited to the donor and the electron is limited to the acceptor, hole and 

electron are supposed to meet each other only at the interface. The probability of hole-

electron encounter diminished compared to a single layer device. Thus, the loss 

mechanisms rates are relatively low in heterojunctions (suppressing rR and rSRH). 

In bilayer devices , , and  are improved. 

In section 5 we analyzed four bilayer devices. 

3.2.4. Bulk heterojunction - BHJ -mixed-layer 
To improve the efficiency even further, the next step is to mix donor and acceptor in 

one mixed layer to get more junction interface. Although there is a possibility to get 

islands of donor/acceptor isolated from contact, it is a more efficient structure than a 

bilayer.  

The architecture of mixed layers, called bulk heterojunction (BHJ - Figure 5c), was 

originally proposed to increase the proximity between absorbing sites and 

heterojunction and by that to increase the number of excitons that reach the 

heterojunction (increase rexàCT) before decaying (rex). 

 

Figure 4. OSC flow diagram of processes in heterojunction device (inlet – the difference in single layer 

device), rx is reaction x rate, solid line arrows are the main processes, red arrows are the processes in 

focus in this work.   

CTh dish transporth
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The process rex-sp (appears in Figure 4) is a thermal generation of excitons. We include 

this process for self-consistent as discussed in section 5.  

 

Figure 5. OPVs structures: (a) single layer, (b) bi-layer, and (c) bulk heterojunction 

 

3.2.5. Loss mechanisms 
3.2.5.1. Langevin mechanism 

It is a bi-molecular polaron recombination mechanism. As this recombination is a 

result of positive and negative polarons collision, the rate of this process is 

proportional to the multiplication of negative and positive polaron distributions

. The coefficient of proportionality is found by a simple analysis of the 

coulomb interaction . 

3.2.5.2. SRH mechanism 
SRH stands for William Shockley, William Thornton Read, and Robert N. Hall. SRH 

is a trap-assisted polaron recombination/generation process.  

In the bimolecular recombination (/Generation) process the charge carrier losing 

(/absorbing) energy equals the bandgap but SRH recombination (/Generation) is trap 

assisted process. The trap serves the carrier as an assisting step in bridging the vast 

bandgap. 

SRH is composed of four sub-processes that are depicted in Figure 6(b). 
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Figure 6. (a) heterojunction with an interfacial trap. (b) SRH sub-processes on an energy diagram, the 

blue arrows represent electron energy gain/loss 

Process ‘a’ is electron absorption by an empty trap, this process is driven by free 

electron and empty trap collision. Therefore, process a rate is proportional to the free 

electrons density and empty traps density: ra=rhneNT(1-f). f is the rate of filled traps 

(thus 1-f is the ratio of empty traps). NT is the total trap density. NTf is full trap density 

and NT(1-f) is empty trap density. 

In the same manner, process ‘d’ is hole absorption by a full trap. Accordingly, 

rd=renhNTf. 

Process ‘b’ is an electron emission from a trap. The process rate is proportional to the 

full trap density and empty LUMO state density. As the LUMO level is most likely 

not full or even close to being full, we shall treat empty LUMO state density as 

constant. rb=reeNTf. 

Finally, process ‘c’ is a hole emission from by empty trap. rc=rhhNT(1-f). 

In equilibrium, each process rate and his reverse process rate would balance. As a result: 

(3)  

Under the assumption of non-degenerate semiconductors: 

(4)  
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Assuming steady-state and assuming the traps we referred to as NT  involve only in 

the above four processes, the rate equation for full traps is: 

(5)  

Assuming rh, re, rhh, and ree are not affected by leaving equilibrium conditions: 

(6)  

Let us find the SRH rate: 

(7)  

We studied this mechanism in more detail in section 7. 

 

3.3. Quantum efficiency and power conversion 

efficiency 
The efficiency of the device can be measured in several methods. The two main 

methods are quantum efficiency (QE) and power conversion efficiency (PCE).  

3.3.1. Quantum efficiency 
Quantum efficiency is the ratio between produced free electrons in the net current and 

consumed photons. 

 

is the photocurrent - the additional current density due to illumination (JPC=J-

Jdark). 

 is the photons flux. 

In case the number of photons is the number of incident photons, the ratio is External 

Quantum Efficiency (EQE), and in case the photons number refers only to the 

absorbed ones then the ratio is Internal Quantum Efficiency (IQE). 

Each step in the process of converting a photon into a free electron as his efficiency, 

the total quantum efficiency is the product of the multiplication of all sub-efficiencies. 
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Not as EQE which is a result of direct measurements, to plot the IQE one should 

simulate the optical properties of the device and find . 

3.3.2. Power Conversion Efficiency (PCE) 
In the EQE one looks for current losses. 

Not only current is affected by losses, but there are also radiating and not radiating 

losses in the bias15. In theory, the maximal Voc (bias under open-circuit conditions) a 

solar cell can produce is Eg (bandgap between donor’s HOMO and acceptor’s 

LUMO). First observing a photon having energy higher than Eg would lose energy 

equal to Ephoton-Eg in the best case. However, the best case is only theoretical due to 

Voc loss to the lack of sharpness in the absorption spectrum. In addition, there are 

recombination mechanisms, and exciton/CT decay in radiative and/or not radiative 

processes leads to more Voc losses16. 

The flux of photons that hits the surface of the device has a certain power. The device 

under illumination produces electrical power (Pelectrical=VI). As can be seen in Figure 7 

the device produces maximal power when it is kept in the work conditions V=Vm.  

FF appears in Figure 7 is Fill Factor:  . Jsc is current density in short 

circuit conditions and Voc is the voltage that develops in open circuit conditions. 
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Figure 7. JV curve in dark – dashed line, JV curve in light (1.5 AM) – black curve, Jm and Vm are the 

current and bias in the point where the power production of the device is maximal 17 

Therefore, PCE is affected by both current losses and open-circuit voltage losses. 

When one suggests a recombination mechanism it is important to check whether it is 

suitable to explain both measured quantum efficiency and the JV curve under 

illumination (or PCE). 
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4. Research Methods 
While researching we have developed several models. These models are explained to 

some extent in the papers. In this section, we give more details about our simulations 

in the form of a flow chart. Another outcome of my work is a measurement setup that 

we introduce in this section. 

The section is divided into subsections, each of which corresponds to one of our 

papers. 

It is recommended to read each subsection after reading its corresponding paper. 

 

4.1. Benchmarking the Electronic Processes at the 
Planar Organic Heterojunction Solar Cells – chapter 5 

First, the algorithm finds the rate of Spontaneous generation of CTs - GCTsp, by 

evaluating polarons density at the contact (pc, nc) and interfacial polaron density at 

equilibrium. Then the algorithm solves the set of algebraic rate equations and finds 

the interfacial polaron density as a function of bias and illumination p(V, G). Finally, 

the algorithm evaluates JV and IDQE and plots some graphs. 
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Figure 8. flow chart of the simulation under the title Benchmarking the Electronic Processes at the 
Planar Organic Heterojunction Solar Cells 

   

Legend:  

 

Figure 9. flow charts legend 
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4.2. Translating Local Binding Energy to a Device 

Effective one – EED model – chapter 6 
In this simulation the bulk geometry is crucial. The simulation supports 2D and 3D 

devices. Each site is a rectangular or rectangular cuboid and identifies by its 

dimensions dxD (2D/3D vector) for donor sites or dxA (2D/3D vector) for acceptor 

sites. As the dissociation occurs by discrete hops, the separation (r) is a discrete 

vector. The algorithm finds for each separation (rk) all the possible pair configurations 

('i' is the pair index). 

The algorithm draws energy shifts for each site according to a gaussian distributed 

random variable and finds the internal energy corresponds to any pair configuration. 

Then the algorithm uses the geometrical information to calculate Gibbs free energy. 

The algorithm draws the disorder again and again and calculates Gibbs free energy 

1,000 times ('j' is the iteration index). Then the algorithm extracts separately the 

dissociation efficiency from the first half of total iterations (j=1-500) and the second 

half (j=501-1000). If the results do not match, the algorithm performs 1,000 more 

iterations. It compares the first 1,000 iterations and the last 1,000. This process runs 

again and again till the results match. 

The efficiency is calculated as a function of disorder variance, temperature, and bias. 
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Figure 10. flow chart of the simulation under the title EED model 
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4.3. Charge dissociation in organic solar cells – from 
Onsager and Frenkel to modern models – chapter 8 

In section 8.5.3 – entropy considerations, we present the results of two simulations: 

half space 1D and full 1D. We compare both models for ordered and disordered 

scenarios. Therefore, it is important to use the same disordered landscapes in both 

simulations. Thus, first, we draw an enormous number of landscapes (100,000). For 

each landscape (j) we generate a table of the internal energy of pair configurations 

(εm,n). We send these tables to both models (Figure 11). 

 

Figure 11. preset for full 1D and half space 1D models 

 

4.3.1. Half space 1D 
For the first 1,000 landscapes, the algorithm finds Gibbs free energy using entropy 

considerations (equation (8.17)). The algorithm uses Rubel's model to calculate the 

reaction rates of hopping. The algorithm produces the rates matrix (mmax X mmax – 

mmax is the number of sites) as it appears in Figure 12. This matrix is used to solve the 

set of rate equations. Vector f (mmax X 1) is the distribution of carriers in each site. 

The generation vector (g) is zeroed except for the interfacial site. 

The rate equations can be written as:   

Knowing f1, it is trivial to find the dissociation efficiency for each landscape. The 

decision to perform more iterations is like the EED model's. 
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Figure 12. flow chart of the simulation under the title half space 1D model 

 

4.3.2. Full 1D model 
This model does not use entropy considerations, instead, it performs a full calculation. 

The reaction rates are calculated directly from εm,n. Therefore, the rates matrix here is 

much bigger (mmax∙nmax X mmax∙nmax), it contains mmax X mmax blocks of nmax X nmax 

each. f vector contains all pair configurations (mmax∙nmax X 1). Again, the generation 

vector (g) is zeroed except for the interfacial pair configuration. The rate equations 

and the rate matrix in detail appear in the followings. All the other details of the 

model appear in Figure 12. 
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4.4. JV/IDQE(V, G, T) measurements setup 
One of the projects I did was building a setup for measuring devices under a vacuum 

while controlling the temperature (80-350K), light intensity (10-5-10[sun]), and 

applied bias. The motivation was to gain more data by controlling multiple variables 

in parallel. A model that can predict device behavior when changing various variables 

simultaneously is robust. 

As appears in Figure 13 the device is located on a copper finger cooled by a cryo-

cooler (made by MMR). A computer-controlled temperature controller (made by 

MMR) sets the temperature of the finger. The finger is placed under a probe station in 

a vacuum chamber. The vacuum is built with a primer pump and a turbo pump. A 

white light source (SugarCUBE) shines on the device through a silica window. 

Illumination power is controlled both by the source itself and by a motorized filter 

wheel. The light source and the filter wheel are computer-controlled. A computer-

controlled Keithley 2612 applies bias and measures current simultaneously. 

 
Figure 13. measurement setup 

The setup is fully controlled by software I’ve developed using Labview. This software 

enables us to work in a mode of “send and forget”. After supplying the desired 

configuration, the system itself sweeps the different variables. Figure 14 and Figure 

15 show the main screen and configuration screen of the software. 



30 
 

 

Figure 14. main screen of the measurement software 

 

Figure 15. configuration screen of the measurement software 
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The software produces many text files and folders of raw data. In order to analyze the 

data, I programmed MATLAB GUI that calibrates the system, processes the data, 

plots graphs, and summarizes the data in tables. Figure 16 - Figure 18 are screen 

captures of the GUI. 

 

 
Figure 16. GUI main screen 

 
Figure 17. GUI analyses and plots configuration screen 
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Figure 18. GUI graph properties screen 
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5.1. Abstract 
While there exist several models for organic heterojunction solar cells, there is still a 

need for one that is both general and flexible to compare the relative importance of 

the plethora of potential processes.  We describe a modelling framework that allows 

to compare the relative importance of different physical processes, taking place in 

organic heterojunction based photo-cell, on equal footing. The framework is based on 

rate equations making it easy to modify and include processes not explicitly 

introduced here. To apply this approach, we fabricated several heterojunction devices. 

Applying this new methodology for a given device structure, we used a single set of 

parameters to fit four different experiments extending over a wide range of applied 

voltage and five orders of magnitude of light intensity. As an example, and as a result 

of the self-consistency of the joint modelling & experiment, we find that the charge 

generation and charge recombination do not take place through the same set of 

interface states (i.e., much can be gained through material and morphology design). In 

addition, by including the detailed balance between charge transfer excitons’ 

generation and dissociation, we found that the bi-molecular Langevin recombination 

through the charge transfer excitons is not strong enough to account for the losses in 

the photo-cells. 

 

5.2. Introduction 
Thin film solar cells offer to reduce the cost of solar energy production by exploiting 

cheap materials combined with simple processing techniques for installation of large 

area, mechanically rugged modules. To date, several materials systems have achieved 

the commercial target of >10% power conversion efficiency (PCE), at least in lab-

tested cells.1 Current technologies are based mainly on the “traditional” 

semiconductors, Si and GaAs, where single junction efficiencies approach their 

theoretical values.2 Organic photovoltaics (OPV) have emerged as well-performing, 

solution-processed solar cells, however, their current best performances (~12%) are 

significantly lower than the theoretical predictions (20-24%).3-4 The “rising star” of 

photovoltaics – organic-inorganic halide perovskite solar cells (PSC) very rapidly 

approached high performances (22%), but currently lack the stability and 

reproducibility required for a viable technology.5 A seminal limiting factor in almost 
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all thin film technologies is that, while they deliver sufficient short-circuit currents, 

their open-circuit voltages (VOC) are low. 

Focusing on the OPV technology, it is clear that by improving the VOC the devices 

would prove to be commercially viable. It is also clear that much of what matters, 

using todays materials, is determined by the interfaces, be them the donor-acceptor 

interface or the contacts’ interface. However, what physical process is limiting the 

contribution of the interface to the solar cell performance is not clear or at least is not 

agreed upon by different groups. If one could pin-point the “problematic” processes 

and quantify their relative importance to the solar cell efficiency than one could 

proceed with judicious material and interface design so as to approach the theoretical 

predictions of ~20%.3-4 It is our understanding that the lack of consensus is partly due 

to many characterization methods not being carried out under the solar cell’s 

operating conditions. The other part is a lack of a common basis for the interpretation 

of experimental data in terms of relevant physical processes. We present a robust and 

flexible model and apply it to heterojunction solar cells measured under relevant 

operating conditions. We show how the model can assist in quantifying the relative 

contribution of processes and provide a solid physical framework. Moreover, one 

could change and modify the model to test additional processes that are considered as 

potential contributors to the cell’s efficiency. In this contribution, we present the 

model for a planar heterojunction which may seem like a setback compared to some 

bulk-heterojunction devices. However, even if this was true, we consider the 

establishment of a common framework in planar heterojunction as an essential step 

towards doing the same for bulk-heterojunctions.6 

 

5.3. The Modelling Framework 
Before presenting the model equations we describe the essence of it. Figure 19a 

shows a schematic description of planar organic heterostructure which is the focus of 

this report. The active part is a bi-layer structure of donor and acceptor materials 

stacked on top of each other. Since these are excitonic semiconductors, it is accepted 

that although light may be absorbed in the two films the generation and recombination 

of charges take place only at the junction, or interface, between the two materials. The 
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connection with an external circuit is through the cathode and anode, which are at the 

acceptor and donor sides, respectively. 

 

Figure 19. (a) Schematic description of a planar heterojunction organic photocell. (b) Illustration of 

the modelling concept used here. 

There has been extensive modelling effort towards the understanding of bulk 

heterojunction solar cells7-21 while there are significantly fewer reports regarding the 

planar heterostructure device22-25. However, the planar heterostructure better lends 

itself for the understanding of the underlying physics. In the planar heterostructure 

one can almost intuitively separate between charge-transport and the generation-

recombination processes (see Figure 19b) thus allowing for critical examination of the 

processes taking place at the heterojunction. To some extent, our modelling approach 

is similar to ref 22 with the interface processes being those considered in ref 26-27. 

However, the present model covers significantly broader set of operating conditions 

and thus a wide range of experiments. We found it was essential to be able to fit a 

range of measurements in order to choose from the various processes suggested in the 

literature. 

(a)

(b)
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Figure 20. (a) 3D device structure and illustration of a process block to be used in b. (b) Flow diagram 

of the processes accounted for in the basic model used here. 

Figure 20a shows the 3D device structure and illustrates the process block to be used 

in our modular framework. The notion is that one can add processes (physics) and that 

in the general case the generation of current evolves from one block to the next while 

allowing for losses (to the ground state). Figure 20b describes the physical processes 

being considered here and their mutual interactions as a flow-diagram. Starting from 

the left, the processes that positively contribute to the current generation are: exciton 

(ex) generation (G) in the donor or acceptor layer, transfer or conversion of excitons 

(KCT) to the charge transfer (CT) states, dissociation (Kcd) 28 from the CT states into 

free electron (n) and hole (p), drift and diffusion (J) of charges to the contacts. For 

each of the excitons, CTs, and charges, there are competing mechanisms that reduce 

the cell’s efficiency. For the excitons and CTs there is the decay rate (1/τ) that is a 

combination of radiative and non-radiative decay. An additional decay rate, which is 

probable for organic cells, is the quenching of excitons (Kep) or CTs (KCTp) by 

polarons, 16, 29 either electrons or holes. The free electrons and holes, residing on their 

respective sides of the junction, may recombine30 back into CTs ( Langevin) or 

(a)

(b)

L
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recombine through deeper lying states (SRH).31-32 As the involved band-gaps are 

relatively large it is common to neglect the thermal generation of excitons or CTs. 

However, as will be discussed below, the self consistency of the model required the 

inclusion of spontaneous generation for the CTs (GCTsp). 

 

5.3.1. Equations of the basic model 
In the model’s equations we consider explicitly only three populations: excitons, 

charge transfer excitons, and free polarons. The deep states at the junction are 

implicitly included in the expression for the SRH recombination. We first consider 

only the junction and the three rate equations describing the processes at the junction 

are: 

(5.1)   

 Where nex is the exciton density in the absorbing layer, G is the exciton generation 

rate through light absorption, p is the free polaron density at the vicinity of the 

junction, Kep is the positive polaron-exciton annihilation rate,  is the exciton 

lifetime and KCT is the rate of exciton transfer into CT excitons. The equation 

describing the evolution of CT excitons is: 

(5.2)   

Here nCT is the charge transfer exciton density, τCT is the CT exciton lifetime, and 

KCTp is the polaron-CT annihilation rate. The recombination of charges into CTs is 

taken to be an interfacial bi-molecular Langevin process30 with  being the 

Langevin rate coefficient. Kcd is the rate of CT exciton separating into free polarons 

where we use the Onsager-Braun formalism 28. Note that by including both the 

Langevin recombination and the CT exciton dissociation, the model complies with the 

scheme suggested by Hilczer et. al. as the source for effectively reduced Langevin 

recombination. 33 More on the validity of the Langevin and Onsager-Braun models 

can be found in the discussion section. GCTsp is the thermal (spontaneous) generation 

of CT states. GCTsp is derived in the supporting information by requiring equilibrium 

1 0ex
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conditions to exist when there is no excitation (i.e. in the dark and under no bias). The 

equation for the holes is: 

(5.3)   

Here NT is the density of deep states participating in the SRH process. a and c are 

capture cross section for electron or hole trap, respectively. As we consider the 

capture to be a bi-molecolar process we use the known Langevin cross section 

and the recombination is trap-assisted Langevin 

recombination 34.  Where ET 

is the traps level and ni_eff is the intrinsic charge density of the effective 

semiconductor made of the donor’s HOMO and the acceptor’s LUMO. Ei_eff is the 

Fermi level that corresponds to ni_eff. 

A similar equation is written for the electrons (n) on the acceptor side of the junction. 

In the above, we equated 5.1-5.3 to zero as we will be interested in the steady state 

only. 

To link between the applied bias, the current, and the polaron density one needs to 

solve the drift diffusion equation on both sides of the junction using the charge 

densities at the junction and at the contacts as the boundary conditions (see supporting 

information). If one assumes an equal voltage drop across the donor and acceptor 

sides the resulting equations are: 

(5.4) 
 

 

 

(5.5)   

 

Where V is the built-in voltage (Vbi) minus the applied voltage (Vapp) and d is the 

device length. The above equations 5.1-5.5, constitute a full set that describes the 
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planar heterojunction solar cell as a function of excitation density (G) and applied bias 

(Vapp). pc and nc are respectively the positive polaron density on the donor side contact 

and the negative polaron density on the acceptor side contact:  

(5.6)   

(5.7)   

NDOS is the density of states and ∆ is the corresponding contact barrier for holes and 

electrons on anode and cathode side respectively. 

 As 5.1-5.3 are rate equations, where the processes are included explicitly, one could 

add or remove processes to represent different physical pictures of the junction. As we 

will show below, the above was the minimal set of processes required to reproduce 

the experimental data of both CuPc:C70 and TAPC:C70 based planar heterojunction 

devices. The symmetry we have assumed in deriving equations 5.4 and 5.5 implies 

that we will be solving for one side only and consider the derived mobility as an 

effective one. 

 

5.4. Experimental 

5.4.1. Device fabrication 
All devices were fabricated on top of an indium tin oxide (ITO) coated glass substrate 

(PsiOTec Ltd.) The ITO substrates were covered by a patterned 100 nm polyimide 

layer, defining 18.4[mm2] pixels and preventing leakage. The ITO substrates were 

cleaned & dried. The substrates were pre-cleaned in an ultrasonic bath of acetone, 

methanol, and 2-propanol for 10 min each. They were then dried in a flow of nitrogen 

and further dried in an oven at 100 C for 60 min. Ultra-high purity (UHP) grade 

organic materials copper phthalocyanine (CuPc), 4,4′-Cyclohexylidenebis[N,N-bis(4-

methylphenyl)benzenamine] (TAPC from Lumtec), were used as donors. UHP C70 

fullerene (from CreaPhys) were used as acceptor and a wide-energy-gap material 2, 9-

dimethyl-4, 7-diphenyl1,10-phenanthroline (Bathocuproine, or BCP, Sigma Aldrich, 

purity 99.99%) was used as buffer material between the cathode and the active layer. 

Hole transport layer (HTL) were deposited by spin coating, (poly(3,4-

_
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ethylenedioxythiophene):- polystyrene sulfonic acid, Clevios PVP. Al 4083) 

PEDOT:PSS or copper thiocyanate (CuSCN, Sigma 99%) both 70[nm] thick film. 

After depositing the HTL the substrates were dried in a flow of nitrogen and further 

dried in an oven at 100 C for 60 min. CuPc(50[nm]) or TAPC (50[nm]), 

C70(40[nm]), and BCP (8[nm]) and 30[nm] thick Mg covered by a 60[nm] thick Ag 

were thermally evaporated in a commercial vacuum deposition system (VINCI 

Technologies) at a base pressure of 6∙107 mbar. 

 

5.4.2. Measurement procedures 
Current-voltage characteristics was measured with a Keithley 2400 source meter. 

Spectrally resolved external quantum efficiency (EQE) was performed in the 

following way. Light from a tungsten halogen lamp (Oriel, 250 W QTH) was 

dispersed through a monochromator (Oriel, CS130). The light intensity was 

monitored using reference silicon and germanium photodetectors. Light from the 

monochromator (1.5 μW cm-2 at 600 nm) was chopped at 20 Hz and the signal was 

read using a lock-in amplifier (EG&G 7265). Power dependent quantum efficiency 

was measured using a white light emitting diode metrics, whose intensity was 

controlled by the bias current. Appropriate optical density (OD) filters were used to 

extend the intensity range (~	5 order) from ultra-low to more than one sun light 

intensity. Care was taken to ensure that the light spot falls within the pixel to avoid 

any potential edge effects. Measurement was done on several samples to ensure that 

the result is reproducible. Light intensity was monitored with a silicon photodetector 

and the signal was read using a Keithley 2400 source meter. 

 

5.5. Results 
Before presenting the series of measurements that have been conducted, we show in 

Figure 21a and Figure 21b the energy level diagram used in the model for the 

TAPC:C70 and CuPc:C70 devices, respectively 35-37. The injection contacts/layers are 

taken to be within the gap38-39 and the VOC was used to fine-tune the cathode to anode 

energy difference (i.e. the built-in potential, Vbi). Other parameters that were taken as 

input constants are described in Table 4 in the supporting information. Figure 21c and 
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Figure 21d show an excellent fit of the model to the measured PCE curves of four 

different types of devices – different donor (TAPC and CuPC) and different HTLs 

(CuSCN and PEDOT). The PCE curve for PEDOT:TAPC:C70 shows a slight S shape, 

and indeed for this device the extracted built-in potential (Vbi) was 0.1V lower 

compared to the CuSCN device, resulting in Vbi < VOC.  

 
Figure 21. (a &b) Energy level diagram used as input parameters for the model where the contacts are 

taken to be within the gap. (a)  TAPC:C70 device. (b) CuPc:C70 device (c & d) Current density versus 

applied voltage under one sun. (c) For TAPC:C70 devices (d) For CuPc:C70 devices. The circles are 

measured data and the solid lines are model’s fits. The top (red) curves are for devices with PEDOT as 

the HTL and the bottom (light blue) are for CuSCN as the HTL. In the case of PEDOT:TAPC:C70,  the 

presence of the slight S shape was found to be due to a slightly lower Vbi. 

We chose to compare TAPC and CuPc devices as we are interested in examining the 

junction disorder role in a planar device. TAPC exhibit a relatively ordered junction 

while the CuPC’s junction exhibits high disorder. This difference is evident in the sub 

gap EQE of the junctions made with C70 (see Figure 22) where the CuPc:C70 devices 

show sub-gap response extending to lower energies. 
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Figure 22. EQE as a function of excitation wavelength for CuPc:C70 and TAPC:C70 based devices. 

The different measurement techniques used to deduce the TAPC device parameters, 

through fitting by the model, is shown in Figure 23. The left column is for the device 

structure of ITO:CuSCN:TAPC(50nm):C70(40nm):BCP:Mg:Ag and the right column 

is for a device where PEDOT is replacing the CuSCN).  

The first row, Figure 23a & Figure 23b, shows the absolute value of the current 

density as a function of voltage for several light intensities. The dip in each curve is 

where the current changes sign and thus marks VOC. This data set allows us to match 

the currents and make sure that the excitation dependence of the open circuit voltage 

is reproduced.  

The second row, Figure 23c & Figure 23d, shows the quantum efficiency (electrons 

per photons) as a function of light intensity and for several bias voltages. The low-

intensity edge represents the free charge generation efficiency, and as the bias is 

changed it depicts the charge generation as a function of bias.15, 26-27, 40 In the context 

of the processes shown in Figure 20, the charge generation efficiency at low intensity 

represents the path [exciton charge-transfer exciton charges] with the rates as 

depicted above the arrows.  As the excitation intensity increases, various loss 

mechanisms start to kick in.15, 41 As the relative weight of the loss mechanisms is also 

bias dependent, it helps in quantifying the contribution of each.27 For the charges we 
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have two loss paths: [charges  charge-transfer exciton] and [charges

 deep-states]. When the device is optically excited, a process that 

reduces the charge generation, manifests itself as a loss mechanism. In the current 

physical picture such processes are the exciton-polaron annihilation16 and CT-polaron 

annihilation with the rates Kep and KCTp, respectively. We remind the reader that in 

such annihilation process only the exciton or the CT exciton are annihilated while the 

charged polaron is not. 

The third row, Figure 23e & Figure 23f, contains two measurements. The first (in 

light blue) is the dark J-V, the second (in red) is the short-circuit current (JSC) as a 

function of the open circuit voltage (VOC) as was measured for a range of excitation 

intensities. 11 The dark JV is composed of two parts:  leakage current at low bias 

(<0.6Vand diode behaviour above 0.6V. The slope of the diode’s J-V, or the ideality 

factor, is governed only by charge recombination losses. This gives additional data 

which helps separating the different loss mechanisms and confirm the observations 

from the QE measurement (second row). In addition, the absolute value of the dark J-

V allows to deduce the effective mobility.  

For ideal diode the photocurrent equals the dark current plus the short circuit current. 

Hence, the JSC-VOC would be equal to the dark J-V. As Figure 23e & Figure 23f show, 

the planar heterojunction organic solar cell is not an ideal diode and hence JSC-VOC≠J-

V. The fact that the model reproduces the diode part for both cases indicates that the 

difference between them is due to processes considered in Figure 20 and not due to 

parasitic effects, such as a shunt or serial resistance.11 It is also interesting to note that 

the leakage part, which is not captured by the model, is almost identical between JSC-

VOC and J-V. This trend is inline with our recent publication suggesting that in these 

diodes the dark leakage current is associated with the junction and is not due to 

extrinsic effects.42 
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Figure 23. (a&b) Current density (absolute value) as a function of applied voltage and for several 

excitation intensities. (c&d) Quantum efficiency as a function of excitation intensity for several applied 

voltages. (e&f) Current density as a function of applied voltage under dark conditions (circles, light 

blue) as well as short circuit current density versus open circuit voltage (squares, red) as was 

measured for a range of excitation intensities. Symbols – experiment. Solid line – model’s fit. 

 To reduce the number of fitted parameters, we assumed the donor (hole) and acceptor 

(electron) mobility to be equal and used an effective mobility. While Figure 23 shows 

measurements results and model fittings for TAPC:C70 devices, Figure 24 shows the 

same but for CuPc being the donor in similar device structures.  
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Figure 24. (a&b) Current density (absolute value) as a function of applied voltage and for several 

excitation intensities. (c&d) Quantum efficiency as a function of excitation intensity and for several 

applied voltages. (e&f) Current density as a function of applied voltage under dark conditions (circles, 

light blue) as well as short circuit current density versus open circuit voltage (squares, red) as was 

measured for a range of excitation intensities. Symbols – experiment. Solid line – model’s fit. The 

arrow in (f) depicts the slope that corresponds to a diode’s ideality factor of 2. 

Moving to the extracted parameters (Table 3), we note that the fitting and parameters 

extraction was carried out for both device structures (details of the fitting and 

extraction procedures can be found in the supporting information). We note that the 

significant difference between the use of PEDOT or CuSCN as the HTL, was the 

built-in potential.  The figures show another noticeable difference, which is the 

leakage current. However, the leakage current is outside the scope of this paper and is 

not described the model.  
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Table 3. Parameters extracted through fitting the model to experimental data (see Figure 23 and 

Figure 24) 

  
PEDOT:CuP

C:C70 
CuSCN:CuPC:C70 

PEDOT:TAPC:C7

0 

CuSCN:TAPC:C

70 

effective 

mobility 
cm2v-1s-1 1.25∙10-3 1.25∙10-3 10-3 10-3 

Kep cm-3s-1 2x10-8 3x10-8 10-8 10-8 
 cm-3 6x1012 8x1012 5.3x1016 5.3x1016 

NT cm-3 1017 1017 8x1017 8x1017 

EB meV 20 20 74 74 

Vbi eV 0.49 0.4 0.83 0.94 

KCT s-1 2.61x108 2.81x108 5.1x108 5.1x108 

 

 

5.6. Discussion 
A known effect of using bi-layers is the low collection efficiency of the single 

junction which reduces the charge generation rate and the overall efficiency.43 We 

recall that the low intensity limit of the QE versus intensity curves represents the 

charge generation efficiency,27, 41 Indeed, these curves (2nd row in Figure 23) show a 

relatively low charge generation efficiency (~10%) which is mainly attributed to the 

single junction. Nevertheless, we have chosen a bi-layer structure as it is simpler to 

interpret with respect to bulk heterojunction one.  

The model, or set of processes, shown in Figure 20 is the minimal set of processes we 

had to include in order to reproduce the set of measurements presented in Figure 23 

and Figure 24. Specifically, it was not sufficient to include only the forward and 

reverse reaction of charge generation and recombination through the CT state. It has 

been shown that accounting for the fact that a CT exciton, generated through charge 

recombination, can dissociate; results in a reduced net recombination rate that could 

be orders of magnitude lower.33 Using the diffusion limited reactions (Onsager-Braun, 

Langevin) we found that the net recombination losses were too low to reproduce the 

measured data. We arrived at this result through self-consistent fitting of the detailed 

model to the extensive data collected from the different measurement methods (see 

p̂
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supporting information).  As the model framework is flexible, we added a charge 

recombination mechanism that enabled to reproduce the measured data (the actual 

rates and the fitting procedure are detailed in the supporting information). Before 

discussing this extra loss mechanism, we note that having to add a charge 

recombination process means that the generation and recombination of charges do not 

necessarily proceed through the same set of states. This is a very positive conclusion 

as it indicates that through molecular and morphological design that eliminates the 

recombination path, the overall efficiency of organic solar cells can be significantly 

improved. This two paths picture is supported by existing literature as it is similar to 

stating that there are multiple interfacial bands of CT states44 or that there are two 

pools of electron-hole pairs.45 The above may also be considered as part of the 

discussions of the classic Langevin recombination model not describing well the 

recombination in disordered46-47 and/or heterostructure devices.10, 14, 30, 48  

The loss mechanism we added is trap-assisted recombination. For the CuPc devices 

the ideality factor of the diode between 0.15V and 0.4V is ~2 (Figure 24e,f) which is 

a common signature of trap assisted recombination. Nevertheless, we note that adding 

trap assisted recombination does not necessarily implies a monomolecular 

recombination. If the traps are shallow, and the device is operating in the trap-empty 

limit, then the trap-assisted recombination is bi-molecular and the effect of including 

the traps is to enhance the bimolecular recombination. On the other hand, if the traps 

are deep such that they are always full then the effect of the traps is to introduce a 

monomolecular recombination process. As discussed below, the above two scenarios 

are found in the ordered (TAPC:C70) and disordered (CuPc:C70) junctions.  

For the TAPC:C70 device, we found that . Using the parameters in 

Table 4 this translates to trap energy being 0.25eV into the gap. Since  is the 

charge density at which the traps are half-full, a value of 5.3∙1016cm-3 indicates that, 

under standard device operation, the traps are not-full. Namely, the trap-assisted 

Langevin process is primarily bi-molecular with the main effect being an 

enhancement of the bimolecular loss mechanism. For the CuPc:C70 device however, 

we find that the traps are deep with and their position being 0.5eV 

into the gap. This prediction of deep traps is a pure result of the fitting procedure 

however, this agrees with the sub-gap EQE reported in Figure 22. Such low 

16 3ˆ 5.3 10p cm-= ×

p̂

12 3ˆ 6 10p cm-= ×

p̂
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implies that in the CuPc:C70 device the traps are full, this now introduces a 

monomolecular recombination process, and indeed the ideality factor of the dark I-V 

(Figure 24e,f) is ~2 at low bias voltage. Namely, with the aid of the model and its 

being self-consistent, we could identify that there is more than one type of interface 

states with one mainly contributing to the charge generation and the other contributing 

to additional charge recombination losses. Also, the extracted energetic position of the 

extra states is in agreement with the amount of disorder observed in the sub-gap EQE 

(Figure 22). 

In the suggested model (Figure 20) we propose a third loss mechanism which is 

associated with charges (polarons) annihilating excitons before they may contribute to 

the charge generation process.16-17, 49-50 The relevant rates are Kep and KCTp for the 

exciton and CT (exciton), respectively. This process is well documented in the 

literature so there is no doubt that to some extent it is taking place.51 The only 

question would be, if it is significant or if there is any justification, given the set of 

measurements, to introduce a third mechanism. The extended set of measurements 

reported here allows us to answer this. The exciton-polaron annihilation loss differs 

from the already discussed loss mechanisms by the mere fact that it is not a charge-

recombination process. As such, it has no effect on the charge generation-

recombination processes taking place in the dark. Namely, unlike the first two loss 

mechanisms, the exciton-polaron annihilation affects only the photo-excited 

properties (first two rows in Figure 23 & Figure 24) but has no effect on the dark-

current (third row in Figure 23 & Figure 24). Namely, although one could reproduce 

the dark characteristics it is impossible to reproduce both the dark and light 

characteristics without including the exciton-polaron annihilation process. However, 

out of the two possible exciton annihilation, the annihilation of CT by the polaron is 

not essential to the fit, which is reasonable, as in a bi-layer the probability of a polaron 

to meet a CT on the surface of the single interface is orders of magnitude lower than 

the probability of it to meet an exciton in the volume collected by the junction. 

The last parameter to discuss is Eb. In the Onsager-Braun model28 dissociation of CTs 

into free polarons is proportional to the Langevin factor  times the factor 
0

q µ
e e
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. In the TAPC:C70 device the extracted Eb is close to 0.1eV which is on 

the low end of estimated CT binding energies.52 For the CuPc:C70 device, the 

extracted binding energy is significantly lower. This is in agreement with the notion 

that the more disordered the junction the higher the probability for CT exciton 

dissociation and charge generation.19, 52-53 One should note that stating that the 

binding energy includes effects such as entropy and disorder19, 52-53 is equivalent to 

saying that the Onsager-Braun model is not strictly valid54 and that, in this context, we 

actually use an effective binding energy. 

 

To conclude, we presented a modelling framework which is a useful tool to 

benchmark physical processes across devices and research labs. With this framework 

one can reveal the relevant importance of various physical processes in OPV’s and 

extract their parameters. The strength of this interpretation originates from the various 

measurement techniques in use and from the extensive data obtained, as one should 

remember that for a given set of measurement there is a limited number of processes 

that can be weighed independently. For example, without the dark characteristics, it 

would have been difficult to consider more than two loss mechanisms. This self-

consistency forced us to suggest one set of sites (mainly) for charge generation and 

another (mainly) for charge recombination. Leading to the conclusion that by careful 

treatment of the interface, it is possible to decrease the non-radiative (SRH) 

recombination and reach higher EQE and PCE. Similar conclusion is being reached in 

a very different system, as the perovskites, and the fact that generation and 

recombination do not proceed through the same states is common knowledge for 

Silicon devices. 

The strength of the set of measurement used lies in the fact that both bias and 

illumination conditions affect the balance of processes, i.e. enhance one process while 

suppressing another. This is, for example, the reason for the differences in the plots of 

dark JV and of Jsc versus Voc. Differences that we were able to fit and justify through 

the model. It is also interesting to note that despite the model’s simplicity, it can 

reproduce fine details as the S shape (Figure 21c) or predict the traps energy and 

concentration. 
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As for expanding the model, we note that the model used assumes symmetry and does 

not distinguish between the n and p sides of the junction and hence we stated that we 

discuss effective mobility and not µn and µp. We could afford that, since we were 

mainly interested in the processes taking place at the junction. Notably, when the 

dominant recombination is bi-molecular, the effect of asymmetrical voltage drop on 

the donor and acceptor is negligible. In this case, carrier density dependence appears 

only in the form of the product of n and p which is unaffected by the asymmetry. 

When the dominant recombination is mono-molecular, the asymmetry may not be 

negligible and an expanded mode is needed. To be able to independently deduce the 

parameters of both sides of the junction one would need to introduce additional set of 

measurements. The most obvious one would be to create a set of devices that differ 

only by the thickness of the n and p sides of the junction (the relevant equations are 

already in place).  
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5.9. Supporting Information 

5.9.1. Derivation of equations 5.4 and 5.5 in the main text 
The current on the donor side can be written as:  

(5.8)    

And on the acceptor side as:   

(5.9)   

Here V is the internal voltage drop , µ is the mobility, and d is the 

device thickness. While for voltages well below VOC one may neglect the diffusion 

current. However, if one needs to model the characteristics close to VOC, which may 

be rather low if low light intensities are also considered, the diffusion current has to 

be included. In equations 5.8 and 5.9 we also assumed that the charge density within 

the device is not too high , which is reasonable if we limit the scope 

to bias below Vbi.  Due to not-high charge density, the electric field is not perturbed 

and thus a spatially independent electric field  is used. In other words, we 

neglect effects of band bending that may take place at the contacts’ interface. In the 

following we also assume that the junction is at the center of the device ( ). 

Solving equation 5.8 using  as a boundary condition at the anode leads to: 

(5.10)   

In our case and the location of the donor-acceptor interface relative to the 

anode is  : 

(5.11) 
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Here pJ is the positive polaron density at the junction or the donor-acceptor interface. 

For negative polarons, the calculation is the same but the sign of the diffusion term is 

opposite (affecting only the homogenous solution) and relative to the cathode, the 

junction is positioned at : 

(5.12)   

Knowing the contacts’ barriers (D) one can deduce the carrier’s density at the 

contacts’ interface. 

(5.13)   

 

(5.14)   

 

5.9.2. Spontaneous generation of CTs 
To demonstrate why the spontaneous generation of CTs is required we start by 

examining the case where we neglect the spontaneous generation of CTs. Appling 

equilibrium conditions (Vapp=0, G=0), there is no process that produces excitons, we 

can ignore exciton density (nex=0). Under these conditions, equations 5.2 and 5.3 of 

the main text indicate that there will be a net flow of charges recombining to generate 

CTs. With the generation-recombination of charges through the CT states being 

unbalanced, solving the model’s equations will introduce another imbalance to 

counteract it. As it stands, the end result is that failing to account for the spontaneous 

generation of CTs makes the model predict non-zero dark-current at V=0. 

(5.15)   

Assuming Maxwell-Boltzmann distribution holds the polaron density at at the 

junction and at equilibrium is: 
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(5.16)   

Where V is built in voltage (Vbi) minus the applied voltage (Vapp) and a accounts for 

the possibility that the voltage unevenly drops on the donor and acceptor sides. 

Using equations 5.13, 5.14 and equations 5.15, 5.16 we arrive at: 

(5.17) 

 

Rearranging the terms: 

     (5.18)      

 

Where being the gap between 

donor’s HOMO and acceptor’s LUMO. And neglecting the annihilation by polarons 

at equilibrium we arrive at: 

     (5.19)       

Where ni_eff being the intrinsic charge density of the effective semiconductor made of 

the donor’s HOMO and the acceptor’s LUMO. 
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5.9.3. Model’s input parameters 
Table 4. The values used as input parameters for the model 

  
PEDOT:CuPC:

C70 

CuSCN:CuPC:

C70 

PEDOT:TAPC

:C70 

CuSCN:TAPC

:C70 

Energy 

level 
[eV] 

HOMO -5.0 

LUMO -4.0 

HOMO -5.0 

LUMO -4.0 

HOMO -5.5 

LUMO -4.0 

HOMO -5.5 

LUMO -4.0 

Exciton 

lifetime 
[ns] 1 1 1 1 

CT 

lifetime 
[ns] 1 1 1 1 

a0 [nm] 1.5 1.5 1.5 1.5 

Epsilon  4 4 4 4 

D [nm] 90 90 90 90 

NDOS [cm-3] 1e21 1e21 1e21 1e21 

Dex [nm] 15 15 15 15 

m* [kg] 9e-30 9e-30 9e-30 9e-30 

 

 

5.9.4. SRH and Langevin processes 
The SRH and Langevin processes rates for PEDOT:TAPC:C70 and 

PEDOT:CuPC:C70 devices are plotted in Figure 25. The dashed (orange) curve is the 

charge generation through CT dissociation, the dotted (red) line is the trap-assisted 

(SRH) assisted Langevin recombination rate, and the full line (blue) is the Langevin 

recombination rate. 
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Figure 25. Generation and recombination of polaron. The line from bottom to top are: Langevin 

recombination (full line, blue), trap assisted recombination or SRH (dotted, red), charge generation or 

CT dissociation rate (dashed, orange), (a&b&c) processes rates for PEDOT:TAPC:C70 for applied 

bias of -1[V], 0[V]. 0.3[V] respectively. (d&e&f) processes rates for PEDOT:CuPC:C70 for applied 

bias of -1[V], 0[V]. 0.3[V] respectively. 

Figure 25 shows that the Langevin process (full line, blue) is not the dominant charge 

recombination process. The reason for that is the relative low charge density in the 

device (<=1016cm-3). The charge density at the contact may give us a clue regarding 

the upper limit for charge density at the bulk. Since pinning at the integer charge 

transfer state would make the contacts’ barriers of about 0.3eV or more, n, p are not 

expected to exceed ~1016 cm-3. The slope of the full (blue) lines exhibits a power law 

of 2, as would be expected from a bimolecular rate. For the CuPc device however, we 

note that for a bias of 0.3V (Figure 25f), at the low intensity limit, the recombination 

is not dependent on the excitation density. This is due to the relatively high dark 

injection which creates an intensity independent background of charge carriers. 

The dotted lines in Figure 25 are the trap assisted recombination (SRH) rate. The 

slope of these curves shows that the SRH process is bi-molecular for TAPC devices 

and monomolecular for CuPC. In Figure 25f we note that there is a point where the 

charge generation (CT dissociation) and recombination rates cross. This point marks 

the intensity at which the open circuit voltage equals the bias at which the 

measurement was taken (Voc=0.3V). 
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For better understanding the dominant processes in the device we plot their rates. The 

CT recombination and generation processes rates are plotted in Figure 26. 

 

Figure 26. Generation and recombination of CT. The lines from top to bottom are:  exciton to CT 

transfer (dashed, orange), CT dissociation rate (dotted, cyan), lifetime decay (solid, red), CT 

generation through Lengevin e-h recombination (dash-dot, blue). (a&b&c) processes rates for 

PEDOT:TAPC:C70 for applied bias of -1[V], 0[V]. 0.3[V] respectively. (d&e&f) processes rates for 

PEDOT:CuPC:C70 for applied bias of -1[V], 0[V]. 0.3[V] respectively. 

It seems that for all sub figures the rate of exciton to CT and the dissociation rate of 

the CT are almost equal. The best evidence for the reduction of the dissociated rate 

with bias, is the increase in the CT density (nCT). The full (red) line is the decay rate 

due to the finite lifetime . Since the lifetime is fixed, the enhancement of the 

rate is associated with an increase in nCT. This is more apparent as the bias gets 

closer to Vbi, especially for TAPC devices (Figure 26c). The Langevin bi-molecular 

process, that generates CT through e-h recombination, is the counter reaction to the 

Onsager-Brown CT dissociation.  

 

CT

CT
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5.9.5. Fitting Process  
The parameters which are used as fitting parameters in the model are: Kep, NT, ET, 

KCT, Eb, Vbi. One can divide these parameters into two groups. Parameters which play 

a role only when light is shining, and parameters which play a role also in the dark.  

 

5.9.5.1. Dark and light parameters 
NT, ET, and Vbi are the parameters which affect the measured characteristics also in 

the dark. Starting with Vbi, in the ideal case, Vbi is determined only by the work 

functions of the contacts. However, in real devices there are effects as Ef pinning or 

dipoles which result in interfaces specific Vbi. The influence of reducing Vbi on dark 

and light JV appear in Figure 27a and Figure 27b, respectively. This influence is 

unique and no other parameter has a similar effect. Specifically, reducing Vbi has no 

effect on either the extracted current at negative bias or on Voc. 22 It primarily affects 

the fill factor and may also introduce an S shape to the light JV characteristics.  

 

Figure 27. The influence of Vbi perturbation over the device characteristics. (a) The influence of 
reducing Vbi by 0.2[V] over dark JV. (b) The influence of reducing Vbi by 0.2[V] over two JV curves, 

res – 1 sun, blue – 3.6 sun. 

NT being the traps density and ET the traps energetic depth are both SRH parameters. 

Regarding the dark JV (Figure 28a and Figure 29a) we note that it is hard to 

distinguish between an increase of NT and a deeper trap energy.  The light JV (Figure 

28b and Figure 29b) show some differences but the intensity dependent QE (Figure c) 

and the intensity dependent Voc (Figure d) show a clearer difference. Both larger NT 

and deeper ET would enhance the recombination rate. However, deeper ET would 

make the traps reach the trap-full limit at a lower intensity. Namely, the transition of 

the SRH from bi-molecular to mono-molecular occurs at a lower intensity. In Figure 

28d we note that at high intensity the saturation of the losses shifts Voc upwards. In 
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Figure 28c we note that, relative to Figure 29c, the slope by which the QE decreases 

reduces and there is inclination of the curve to level off. Namely, using the 

combination of the characteristics shown in Figure 28 and Figure 29 one can 

independently extract NT and ET.   

 

Figure 28. The influence of taking ET 50[meV] deeper. (a) JV dark, (b) two JV curves, red – 1 sun, 
blue – 3.6 sun, (c) Quantum efficiency, (d) Voc Vs. light intensity 

 

Figure 29. The influence of increasing NT by order of magnitude. (a) JV dark, (b) two JV curves, red – 
1 sun, blue – 3.6 sun, (c) Quantum efficiency, (d) Voc Vs. light intensity 

 

5.9.5.2. Light only parameters 
The remaining fitting parameters, which are associated with the light generated 

excitons, are KCT, Kep, Eb. KCT is the rate constant for charge transfer of exciton to CT. 

As KCT grows, the efficiency grows, as more excitons continue in the path leading to 

current generation. But there is a limit, when all the available excitons convert to CT, 

higher KCT cannot increase the efficiency anymore. The unique influence of 

increasing KCT is opening the gap in the JV as a function of light intensity graph  

(Figure 30b). 

ET 

(a
) 

(b
) 

(c) 

(d
) 

10-19

10-17

10-15

10-13

10-11

10-9

10-7

10-5

0.001

-1.5 -1 -0.5 0 0.5 1 1.5

J 
[A

/c
m

2
]

V [V]

-2 10-2

-1.5 10-2

-1 10-2

-5 10-3

0

5 10-3

-1.5 -1 -0.5 0 0.5 1 1.5

1[sun]
3.6[sun]
1[sun]
3.6[sun]

J 
[A

/c
m

^2
]

V [V]

4

5

6

7

8

9

10

11

0.001 0.01 0.1 1 10 100 1000

-0.4[V]
-0.2[V]
0[V]
0.2[V]
0.4[V]
-0.4[V]
-0.2[V]
0[V]
0.2[V]
0.4[V]

Q
E

 [
%

]

illumination intensity

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

0.001 0.01 0.1 1 10 100 1000

V
o

c 
[V

]

illumonation intensity [mW/cm2]

10-19

10-17

10-15

10-13

10-11

10-9

10-7

10-5

0.001

-1.5 -1 -0.5 0 0.5 1 1.5

J 
[A

/c
m

2]

V [V]

NT 

-2 10-2

-1.5 10-2

-1 10-2

-5 10-3

0

5 10-3

-1.5 -1 -0.5 0 0.5 1 1.5

1[sun]
3.6[sun]
1[sun]
3.6[sun]

J 
[A

/c
m

^2
]

V [V]

3

4

5

6

7

8

9

10

11

0.001 0.01 0.1 1 10 100 1000

-0.4[V]
-0.2[V]
0[V]
0.2[V]
0.4[V]
-0.4[V]
-0.2[V]
0[V]
0.2[V]
0.4[V]

Q
E

 [%
]

illumination intensity

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

0.001 0.01 0.1 1 10 100 1000

V
oc

 [V
]

illumonation intensity [mW/cm2]

(a
) 

(b
) 

(c
) 

(d
) 



65 
 

 

Figure 30. The influence of increasing KCT by two orders of magnitude. (a) Quantum efficiency, (b) 
two JV curves, res – 1 sun, blue – 3.6 sun, (c) Voc Vs. light intensity 

The influence of Kep (or Ken) is important when the charge density is high (high 

forward bias, or strong illumination). It introduces a bi-molecular loss that affects 

only the light characteristics, Figure 31.  

 

Figure 31. The influence of increasing Kep by order of magnitude. (a) Quantum efficiency, (b) two JV 
curves, res – 1 sun, blue – 3.6 sun, (c) Voc Vs. light intensity 

The last parameter is Eb. Decreasing Eb makes the CT dissociation easier, and the 

efficiency is growing. More dissociation means more charge density, but more charge 

density means also more recombination. For that, also the efficiency is growing while 

Eb decrease, this growth is moderate for high bias, where the charge density is high 

(Figure 32a). This effect can be seen also for increasing KCT (Figure 30a). But not as 

for increasing KCT, the effect on decreasing Eb is weakened as the bias get more 

reversed (Figure 32b). The reason is that when the bias is reversed, there is a point 

where all the CT already dissociate, and decreasing Eb won’t help to enhance the 

dissociation any further. 
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Figure 32. The influence of decreasing Eb by 20[meV]. (a) Quantum efficiency, (b) two JV curves, res 
– 1 sun, blue – 3.6 sun, (c) Voc Vs. light intensity 
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6.1. Abstract 
One of the puzzles in the field of organic photovoltaic cells (OPVs) is the high 

exciton dissociation (charge generation) efficiency even though simple coulomb 

based arguments would predict binding energy of 150-500 meV that would suppress 

such dissociation. Not knowing which mechanism drives such high dissociation 

efficiency does not allow to draw clear design rules. The common approach 

answering this puzzle is that the binding energy must be lower due to delocalization, 

disorder or entropy considerations. However, using these theories to quantitatively 

reproduce the dissociation is challenging. Here, considering entropy and disorder, a 

new approach is being suggested using the exciton dissociation efficiency as the 

parameter to weigh the effect of the energetic disorder. The effective entropy-disorder 

(EED) model predicts the device-equivalent charge generation efficiency, and 

provides a consistent new definition for the effective binding energy (Ebeff). For the 

first time, it is possible to directly compare a model with experimental results of non-

fullerene acceptor organic solar cell. Such comparison reveals that high dissociation 

efficiency does not require Ebeff lower than 100 meV and that high dissociation 

efficiency is driven by a combined effect of the energy landscape and a mobility 

which is significantly higher than the steady state one. 

 

6.2. Introduction 
Bulk heterojunction (BHJ) organic solar cells have been gaining momentum with the 

introduction of nonfullerene acceptors (NFAs).1-4 The power conversion efficiency 

(PCE) has been rising steadily with current champion devices being around 16% 5, 6 of 

single junction devices and more than 17% of tandem structures,7 where a new 

evaluation of the efficiency limit still place it at about 20% for single junction.8 PCE 

losses may occur due to open circuit voltage (Voc) loss or short circuit current (Jsc) 

loss where Voc loss through radiative recombination is inevitable. The Holy Grail is to 

avoid any other losses such that the internal quantum efficiency (IQE – extracted 

photoelectrons to absorbed photons) would be almost 100%, as is indeed the case with 

some of the state of the art devices.  

Current losses may appear in several steps on the way of converting photon flux to an 

electric current. Absorption creates excitons that may decay while diffusing towards 
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the donor/acceptor (D/A) interface. After a charge is transferred to the other side of 

the interface, the charge transfer state exciton (CT exciton state) may decay before 

dissociating to polaron pair. Lastly, polarons may recombine before being collected 

by the respective contacts. The IQE is a multiplication of exciton to CT, CT 

dissociation, polarons transport and collection efficiencies.9 For highly efficient 

devices, each of these steps should be close to 100% efficient. Thus, one of the key 

factors in achieving a high-efficiency cell is the exciton dissociation (i.e. charge 

generation) efficiency, which has been pointed out as being too high for NFA devices 

if the binding energy was calculated using Coulomb attraction between two point 

charges.10 Regarding the CT exciton state, it has been confirmed by several methods 

that a CT exciton state is a nearest-neighbor pair.11, 12 This emphasizes the difficulty 

of dissociating the CT state without significant losses associated with geminate 

recombination. There have been several suggestions of mechanisms lowering the 

effective binding energy of the excitons as delocalization and dipole effect,13-15 

disorder,15-19 and entropy.19-22 Examining the literature, we find that it is common to 

describe the binding energy as the internal energy difference between the bound state 

and the state where two separate charges reside on two molecules distanced enough to 

neglect any interaction between them.23 This definition is most natural for one CT 

exciton in a 1D system.20 It has also been shown that the coulomb binding or internal 

energy difference is unchanged when considering 3D systems.15 However, for 3D 

systems there are many more than one path the CT state may dissociate through and 

one must take thermodynamics considerations into account,20 assuming the energy 

required to dissociate the excitons to free charges is the quantity of interest.  

Moreover, the relation between the observable used to deduce the effective (macro) 

binding energy of a cell and the (micro-local) binding energy of an isolated pair is 

hardly discussed. Namely, it is difficult to use previous relevant works19 to 

quantitatively predict/analyze the cell’s charge generation efficiency. We find that this 

is especially important in the presence of disorder and we look into the effect of 

entropy and disorder on the free-charge generation efficiency with the effective 

binding energy being determined by it (and not vice versa). To explain the 

transformation from an ensemble of pairs to effective dissociation efficiency and to a 

single effective binding energy, we present histograms of the binding energies and of 
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the dissociation distance. We also employ it to justify the use of a bi-layer model to 

predict the performance of BHJ. 

Having established the effective entropy-disorder (EED) model, that relates to 

measured efficiency, we use the model system of polymer:NFA device, PTB7-

Th:ITIC BHJ to show a correlation between the theoretical predictions and the 

temperature dependent properties of the cell. By self-consistently analyzing the device 

data and the model’s results we confirm that entropy and disorder indeed play a major 

role in the exciton dissociation. Lastly, we discuss several approaches of defining 

binding energy for a macroscopic system and reveal the fact that for realistic, 

disordered devices, the microscopic, well-defined, binding energy does not correlate 

directly with the macroscopic effective binding energy. 

To make our work better accessible we include below, as part of the introduction, a 

brief review of the concepts that are directly used here. 

 

6.2.1. Why it is correct to use thermodynamics and why we must? 
In this work, first we discuss defining the local binding energy using thermodynamics 

and later we translate it to a macro, device-equivalent, binding energy. Defining CT 

exciton binding energy by the internal energy difference between bound state and 

nonbound state does not capture entirely the physics of the system. Specifically, it 

does not describe the average thermal energy required to dissociate excitons. In a real 

case of operating device, excitons are being formed continuously in the volume of the 

device, diffuse to the interface and create CT states. Focusing on one nearest neighbor 

pair of molecular sites along the interface; CT state would be created in this position, 

dissociate or recombine and later a new CT state would be created there and so forth. 

Although all these CT states start dissociating from the same position and there is 

only one way to describe them, in 3D system, the resulting free polarons have many 

optional positions to dissociate to, so there are plenty of ways to describe this 

situation. This reflects in a lower probability for the CT state to stay at its initial 

position or a higher probability for dissociation. It is common to consider only the 

coulomb potential (i.e. the internal energy difference) which acts to keep the electron-

hole of the CT state stick together. However, to understand the local CT state 

dissociation, we must take into account both effects through the use of 
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thermodynamics. In our discussion we neglect possible contributions from lattice 

(molecular) relaxations.23 

Some of the thermodynamic results we shall use require thermal equilibrium. An 

operational OPV device is not at equilibrium as it is excited by a photon flux. 

However, the system under consideration is the CT state itself. Since we are not 

interested here in the possible contribution from hot-CT dissociation we may proceed 

with the assumption that the CT is fully relaxed in the molecular sites before it 

dissociates. We refer to the situation as quasi-equilibrium state, because while the 

whole system may be out of equilibrium, the CT state is locally relaxed. 

 

6.2.2. Free energy, entropy, partition function, and disorder 
It is well known that to reach (quasi) equilibrium a system would evolve so as to 

minimize its potential energy. However, in realistic systems, there are constraints, the 

system may be forced to keep constant volume (isochoric) or pressure (isobaric) or 

temperature (isothermal). In this situation, the minimization is of a thermodynamic 

potential. For an isothermal and isobaric process, Gibbs free energy is the suitable 

thermodynamic potential, defined as: 

(6.1)   

Where U is internal energy, S is the entropy, P is pressure and V is volume. 

For isothermal processes, the Helmholtz free energy F is minimized at equilibrium. 

(6.2)  

For systems having constant pressure and volume, as in our case, there is no 

difference between minimizing F or G. In the following the Gibbs free energy is the 

one of interest but for energy minimization purpose, F is used. 

The entropy is a macroscopic property that depends on the number of configurations 

or microstates available to the system. The entropy is defined by:  

(6.3)  

Here, X is a macroscopic property, Ω(X=α) is the number of microscopic 

configurations that their X equals α, i is the index of a microstate (configuration) with 

X=α, and pi is the probability of the microstate i to be occupied given the macrostate 
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is α. In the context of exciton dissociation or charge pairs, X may be the distance 

between the charges in the pair where X=α includes all pairs’ configurations where 

the charges are separated by distance α (r=α) and pi is the probability for a specific 

pair configuration, with separation r=α, to be found (occupied). 

To find pi we recall that the microstate i is associated with internal energy εi. For a 

system like the one we are interested in (canonical ensemble) the probability of a state 

carrying internal energy εi follows the Maxwell-Boltzmann distribution:  

(6.4) 
 

 

Where is called the partition function and serves as a normalization factor of the 

probability, which makes sure all probabilities sum to one. In case all microstates 

(pairs’ configurations of distance r=α) are characterized by the same energy (εi=ε), 

equation 6.3 can be presented as . However, we will 

use the more general form of equation 6.3. A useful relation describing the Helmholtz 

free energy is:  

(6.5)  

 

6.2.2.1. Disordered Heterojunction 
To calculate the contribution of the microstates (charge pair configurations) to the 

entropy (equation 6.3 and 6.4) we need to assign energy to each configuration. For an 

organic heterojunction, the most natural choice would be the difference between the 

electron energy at the acceptor site and the hole energy at the donor site. This would 

be the difference between acceptor’s LUMO (lowest unoccupied molecular orbital) 

and donor’s HOMO (highest occupied molecular orbital) plus the coulomb 

interaction.  For ordered materials the LUMO-HOMO difference would be constant 

between all microstates and for any r. For disordered materials there would be 

fluctuations of these values. It is common to describe such electronic disorder as a 

exp i

b
i

k T
p

Z

eæ ö
-ç ÷
è ø=

( )
exp

X
i

i b

Z
k T

a eW = æ ö
= -ç ÷

è ø
å

( ) ( )lnbS X k Xa a= W =é ùë û!

( )lnbF U TS k T Z= - = -



73 
 

Gaussian distribution characterized by a mean value (E0) and a standard deviation (σ). 

In this case, the energy difference between the electron on acceptor site and hole on 

donor site would also have a gaussian distribution. This difference, between the 

charge pair energies, will have a fluctuation (δ) having a standard deviation of 

, where σa and σd are the standard deviations of the acceptor and 

donor levels, respectively. With ‘i’ being the index used for counting the possible pair 

configurations (microstates), we may write the energy as the sum of coulomb 

potential and the energy introduced by the disorder:19 

(6.6)  

Where we disregarded the constant E0 which is just an energy offset. For the ordered 

case δ=0 and all microstates, of constant r, have the same energy, leading to 

 and . 

For the disordered case, the partition function is:  

(6.7)   

Which defines the Helmholtz free energy, F, according to equation 6.5.  

It is worth mentioning that using equation 6.4 and 6.7 and the entropy definition in 

equation 6.3 one can derive:  
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(6.8) 

  

Equation 6.8 shows that, for the disordered case, the entropy is temperature 

dependent. This is an important result as it implies, that for a disordered system, the 

entropy would have a larger impact on the temperature dependence of the apparent 

dissociation efficiency or effective binding energy. 

 

6.2.3. Exciton dissociation as a Process rate – Onsager Braun and 
Eyring-Polanyi equations 

Lars Onsager analyzed exciton dissociation using a diffusion, Brownian motion 

differential equation with the effect of Coulomb interaction and external field. 24, 25 In 

his model, the CT pair has one opportunity to dissociate, failure leads to decay. Braun 

used Onsager work 10 but in his treatment, the CT has a finite lifetime. This gives the 

CT ability to make several dissociation-attempts before it decays. To deduce relevant 

parameters, the Onsager-Braun model assumes a detailed balance between the CTs 

dissociation and the Langevin process of bimolecular recombination.  

The basic idea behind Onsager-Braun model is that CT dissociation is an energy 

activated process, as suggested by Arrhenius equation. However, Arrhenius equation 

is empirical 26 and it may serve to solve a case when the entropy and enthalpy are 

constant during the reaction. The general term that one should use is the Eyring-

Polanyi equation which is part of the transition state theory (Figure 33). The transition 

state theory assumes equilibrium between reactants and the transition state such that 

the overall forward reaction rate is governed by ∆Gts instead of internal energy 

difference dictated by Arrhenius.  

As Figure 33 shows, the local binding energy is the added free Gibbs energy required 

to reach the peak of the potential. Integrating Eyring-Polanyi equation, where ∆Gts 

serves as binding energy, with Onsager-Braun model which predicts dissociation 

efficiency as a result of two competitive reactions, CT dissociation, and CT decay, the 

dissociation efficiency can be expressed as:  
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(6.9)  

Where ked is the dissociation rate, kdecay is the CT state decay rate, κcd is proportional 

to squared overlap integral of initial and final states, Eb is the CT state binding energy, 

kb is Boltzmann constant, T is temperature and τCT is CT lifetime. 

 

6.3. Applying the thermodynamic concepts to organic 

heterojunction 

6.3.1. The charge pairs as microstates 
The more paths/options the exciton can dissociate through, the higher would be the 

probability for dissociation (dissociation efficiency). When the exciton transforms 

from nearest neighbor charges (exciton) to charges distanced from each other (charge 

pair) we say that it transferred from the initial microstate to a target microstate. In the 

context of CT exciton dissociation, it is common to group the microstates into a 

macrostate according to the distance (r) between the hole on the donor and the 

electron on the acceptor.19, 20 For example, Figure 34a illustrates a heterojunction 

where one charge is static near the interface and all the microstates (charge pair 

configurations), that have charge separation ‘r’, are the combination of the static site 

and the hemisphere on the right-hand side of the junction. In such a case, Ω(r) (see 

equation 6.3) is the number of sites on the right-hand side of the junction which touch 

the sphere (see Figure 34a).  This calculation results in Ω (r) α r2 20 as would be 

expected from an area of a spherical sector. 
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Figure 34. Illustration of the counting of pair configurations available for charge pairs with 

separation distance r. Consider that each rectangular is one site as in a molecule or a conjugated 

element where the particle is delocalized. (a) The left side of the charge-pair is static, and the 

counterpart charge can be hosted on any of the sites in the yellow hemisphere. (b) The left side of the 

charge-pair is mobile and hence can be in any site along a line perpendicular to the interface. Site i 

(on the left) forms an r-separated pair configuration with all sites within hemisphere i (on the right). Ω 

would be a summation over all i contributions. (c) A similar counting as in b but, to avoid the 

assumption of symmetric junction, the counting is done by fixing the point at which the line that 

connects the pair crosses the interface. Again, each site located in the right hemisphere i forms an r-

separated pair configuration with site/s in the left hemisphere i. The r-long lines demonstrate some of 

the possible r-separated pair configurations. Here too, Ω is a summation over all i contributions. 

Ω(r) significance lies in finding ∆Gts by using equation 6.5, 6.6, and 6.7 to calculate 

the elementary reaction profile (Figure 33) where the charge separation r is taken as 

the reaction coordinate. To account for both charges being able to depart from the 

interface, an iterative method was suggested19 where the sphere center is allowed to 

move along a line perpendicular to the donor-acceptor interface (see Figure 34b). The 

total count of available configurations, Ω(r), is now a result of summation over all 

contributions of centers along this axis. This method leads to a result, which is close 

to the number of states enclosed in a hemisphere, in this case Ω(r) α r3 (Figure 34b). 19   

Having the center of the sphere within one side of the junction carries a hidden 

assumption that the junction is symmetric in terms of packing and mobility. We 

propose a third approach of counting configurations. First, we choose a static point ‘j’ 

on the interface. This point can be considered as the place where the CT was 

originally formed as a nearest-neighbor pair. We count all pairs that are connected by 

r-long line crossing the interface at point ‘j’ (see Figure 34c). Later we show that the 

CT dissociate close to the interface, thus it is logical to assume that point ‘j’ is almost 

static during the dissociation process. The advantage of this counting method is that it 

allows the use of two different packings on either side of the junction. 

In the supplementary materials, we describe in detail our method of calculating Ω(r).  

For all examined geometries we got the phenomenological behavior of Ω(r)=a∙r3. 

However, ‘a’ is geometry (morphology) dependent and may vary by up to a factor of 

3 thus affecting the quantitative results of the calculation. 

There is also another subtle point that is especially important in the context of 

disorder. Unlike previous works,19, 20 which used Ω(r) only as a upper bound of 
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summation, for a given environment we first generate a 3D lattice of disordered 

heterojunction and perform all calculation with the aid of this lattice (similarly to the 

approach taken by Monte-Carlo simulations). This accounts for the built-in 

correlation associated with the fact that each site may be part of several r-

distinguished pair-configurations. In the following we use a 3D geometry which is 

cubic and with lattice constant of 1 nm. 

         

6.3.2. From the energy landscape of a single charge pair to the 
dissociation efficiency of a complete device 

Knowing to derive the local binding energy using thermodynamics, we are ready to 

translate it to device equivalent binding energy. In the following, we consider that for 

a disordered film there is a built-in spatial distribution (dispersion) of the density of 

states.27, 28 Namely, the local environment surrounding a given CT exciton depends on 

the specific position of this CT within the macroscopic device. As a result, at different 

positions within the device the binding energy, as well as the dissociation efficiency, 

could be different.  To demonstrate this, we will examine the free energy change 

experienced by CT excitons generated in different environments. As mentioned 

above, each environment is created by generating a 3D lattice of sites’ energies. Using 

equation 6.5, the Helmholtz free energy (F) as a function of charge separation (r) is: 

(6.10)  ( )
( )( )

04ln exp
jr

j b
i b

q i
rF r k T
k T

d
peeW

æ öæ ö- +ç ÷ç ÷
ç ÷ç ÷= - -
ç ÷ç ÷

ç ÷ç ÷è øè ø

å



78 
 

Figure 35. ∆Gj as a function of CT’s charge separation for three different CTs environments, all for 

junction disorder standard deviation (σcp) of 50 meV at 300 °K. The edge of the arrows represent the 

binding energy of each CT (in j environment) and their crossing with the x-axis denotes the maximum 

separation lengths before the CTs dissociate. Inset shows the Fj of the three environments. 

Where we have added the subscript j to denote a specific environment (or a given 

draw of state energy distribution) along the donor/acceptor interface. In Figure 34c ‘j’ 

would refer to the crossing point that is used for evaluating Ω(r). The change in free 

energy, ∆Fj(r) or ∆Gj(r) which are the same in our system, is calculated relative to the 

initially generated CT exciton (at minimum r, which is nearest-neighbors distance). 

As was discussed in the context of Figure 33, the maximum of this change in free 

energy is the local/microscopic binding energy of the CT exciton in environment j. 

Figure 35 demonstrates the extraction procedure of three binding energies from three 

∆Gj(r) graphs. ∆Gts,j (∆Gj(r) maximum value) is the CT local binding energy Eb,j, and 

the r position of this maximum is the maximum separation length before the CT 

dissociates spontaneously (we term this “dissociation distance”). ∆Gj(r) graph was 

produced by subtracting the initial Helmholtz free energy Fj(r=1) from r separated CT 

excitons Helmholtz free energy Fj(r) (inset to Figure 35).  
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As for different environments (draw of states energies) both the local binding energy 

and local dissociation distance vary, one needs to examine a large number of 

environments to reproduce the full device. The challenge would be in finding the most 

suitable method to represent the properties of the complete device. To illustrate the 

dispersion in the local properties, Figure 36 shows the statistical analysis of such 

environments in terms of binding energy distribution and dissociation distance 

distribution for several junction energy disorder parameter σcp (CP stands for charge 

pair). We apply the EED model on a cubic geometry with lattice constant of 1 nm and 

assume ε=3.3. Figure 36a and Figure 36b show the normalized distribution of the 

binding energies assuming T=200 °K and T=300 °K, respectively. Figure 36c and 

Figure 36d show the normalized distribution of the dissociation distance assuming 

T=200 °K and T=300 °K, respectively. The symbols denote the results of the analysis 

and the full lines are Gaussian fits to the data points. 

Figure 36 shows that as the junction disorder parameter (σcp) increases, the 

distributions of both the binding energy and dissociation distance shift towards zero 

and broaden. Comparing the results for the two temperatures we note that both the 

binding energy and dissociation distance tend to be larger at lower temperature and 

Figure 36. (a) and (b) are the normalized distributions of the local binding energy (Eb,j) at 200 °K and 

at 300 °K, respectively. (c) and (d) are the normalized distributions of the dissociation distance at 200 

°K and at 300 °K, respectively. Symbols are the simulation results and solid lines are Gaussian fits. 

Blue, cyan, green, grey, red, and magenta lines are simulation results for junction disorder standard 

deviation (σcp) of 0 meV, 20 meV, 40 meV, 60 meV, 80 meV, and 100 meV, respectively. 
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that the differences between the results for the two temperatures almost disappear for 

the high σcp values. The most probable dissociation distance is below 6 nm (see also 

ref 12) and at room temperature the entire distribution of dissociation distance (Figure 

36d) lies below 10 nm. The latter suggests that although we are treating a bi-layer 

architecture the results would be applicable to BHJ devices, most of which have 

above 10 nm fine structure. To place the values in a broader context we note that in 

the absence of the effects considered here (entropy and disorder) the dissociation 

distance is taken as the point where the coulomb binding energy equals the thermal 

energy . For a typical organic device (ε≈3.3) at room temperature, 

the dissociation distance is about 17 nm. 

The fact that disorder reduces the microscopic binding energy, as well as the 

dissociation distance, is well known. 12, 15, 19, 21, 29 However, translating the spatial 

variation across the sample to device measured properties, as effective dissociation 

efficiency or effective binding energy, is not obvious. Previous works averaged the 

∆G curves (as those in Figure 35) to obtain average potential from which a 

macroscopic binding energy was derived. Such approach shows that, with the 

introduction of disorder, 19 the resulting binding energy reduces towards zero (see 

Figure 48m in the supplementary materials). Next step was to conclude, qualitatively, 

high dissociation efficiency from the reduced effective binding energy. However, this 

approach fails to give quantitative reproduction of measured curves. In addition, it is 

not clear how to account for exciton lifetime and the charge hopping rate (mobility) or 

how to use the results to evaluate the effective exciton dissociation (charge 

generation) efficiency. 

We take a different approach and suggest doing the opposite. Meaning to use the local 

exciton dissociation efficiency to derive the effective (device equivalent) exciton 

dissociation efficiency and deduce the effective binding energy from it. While this 

may seem a minor difference, it results in a very different effective medium which is 

now similar to the approach taken by Monte-Carlo simulations (detailed quantitative 

comparison of the different approaches appears in supplementary materials).30-33 Our 

approached is motivated by the understanding that when one is interested in a device 

effective quantity one should average over the property that is being measured and by 

the most common property used being the current. The light induced current is a 

linear summation of contributions of dissociated CT excitons. The probability for 

2
max4 o bq r k Tpee =
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each CT to dissociate and contribute to the current is its local dissociation efficiency. 

Thus, arithmetic mean over local dissociation efficiency is proportional to the light 

induced current. Consequently, we define the effective dissociation efficiency as 

averaged local dissociation efficiency.  The implementation of our new approach is 

straight forward once the local binding energies (Eb,j) have been found. Using 

equation 6.9 we may write the device related effective dissociation efficiency as the 

sum-average of the local (microscopic) dissociation efficiency:  

(6.11)  

Once the device equivalent dissociation efficiency (ηcd,eff) is obtained, the most 

reasonable definition for the effective binding energy (Eb,eff) is by using ηcd,eff and 

equation 6.9: 

(6.12)  

The above equations indicate that ηcd,eff and Eb,eff  are temperature, disorder, and 

kdecay/κcd (or κcd∙τCT) dependent. To illustrate the above we apply equation 6.11 to 

simulated samples having different junction disorder parameter (σcp) and for a range 

of temperatures. For this calculation we used κcd of 3.65∙109 s-1 which is a result of 

classic estimation using Onsager-Braun work 10 and assuming the active layer 

mobility is 10-4 cm2s-1V-1.34, 35 We note that 10-4 cm2s-1V-1 is the steady state mobility 

and that there are arguments for using a higher “non-relaxed” mobility value. We 

return to this point in the experimental analysis section. For the CT lifetime (τCT) we 

use 10 ns as it is in the reasonable range for organic devices.36 The resulting 

dissociation efficiency (ηcd,eff) as a function of inverse temperature (1000/T) is shown 

in Figure 37a. The top curve (dashed grey) is for σcp=110 meV and the bottom one 

(dashed black) is for the ordered case σcp=0 meV. All the other curves have σcp in 

between, as depicted by the legend. As would be expected, an increase in the junction 

disorder parameter (σcp) results in enhanced dissociation efficiency. The unique 

features of our approach is that the dissociation is now quantified and it reveals that 
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the temperature dependence (i.e. its functional form) changes significantly as a 

function of disorder. 

Once the device equivalent dissociation efficiency (ηcd,eff) is obtained (Figure 37a), 

equation 6.12 can be applied to obtain the resulting effective binding energy (Eb,eff). 

Figure 37b shows that at low disorder the effective binding energy goes down with 

temperature and the slope is -T. In the presence of disorder, the contribution of the 

entropy changes, becomes temperature dependent, and at high disorder the slope of 

Eb,eff changes its sign. Within the framework of the current paper, an effective binding 

energy that goes up with temperature is a clear sign of disorder. 

As seen in Figure 37b the new effective binding energy definition does not converge 

to zero and seems more realistic than in previous works.19 Further discussion about 

ηcd,eff and Eb,eff dependencies on CT lifetime and mobility appear in the supplementary 

materials. 

 

6.4. Experimental analysis of NFA OPV device 
To test the validity of the model suggested above we compare it to measurements 

performed on non-fullerene acceptor (NFA) device composed of PTB7-th:ITIC (see 

Figure 38a for the chemical structures). To set the scene we show in Figure 38a the J-

V curve of the device under one sun illumination with the left inset presenting the 

quantum efficiency spectral response under low light intensity. Also shown is the 

Figure 37. (a) Simulated device equivalent CT exciton dissociation-efficiency as a function of inverse 

temperature (1000/T) and for a range of junction disorder parameters (σcp). (b) The deduced effective 

binding energy, equation 6.12, as a function of inverse temperature (1000/T) and for a range of junction 

disorder parameters (σcp). Note that in a) the higher disorder is the top curve and in (b) it is the lowest (see 

legend).
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energy level diagram for the two materials separately. Due to the limited accuracy and 

the difference between the two methods used to derive the energy levels we slightly 

rounded the reported value.37, 38 The extracted cell’s parameters are open circuit 

voltage VOC=0.82 V, short circuit current JSC=13 mAcm-2, fill factor FF=60%, and 

power conversion efficiency PCE=6.5%. The spectral dependence of the external 

quantum efficiency (EQE – left inset to Figure 38a) predicts that in the ideal case, the 

open circuit voltage dictated only by radiative recombination is VOC_rad=1.0 V 

(∆VOC,nrad =0.18 V).  

To be able to correlate the device performance with the model’s predictions we 

repeated the J-V measurements over a wide range of light intensities and 

temperatures. Although we are primarily interested in the charge generation (exciton 

dissociation) process we first look into the recombination process (Figure 38b and 

Figure 38c). To find the type of recombination process taking place in the PTB7-

th:ITIC NFA OPV we present both the dark J-V (Figure 38b) and the open circuit 

voltage versus light intensity (Figure 38c) for a range of temperatures. Figure 38d 

shows the extracted ideality factors which are all above 1.4, indicating significant 

contribution of trap assisted recombination. 

The data that is more directly related to the exciton dissociation process is shown in 

Figure 38e and Figure 38f. Figure 38e and Figure 38f show the Internal quantum 

efficiency (IQE), measured using white light emitting diode (LED), as a function of 

light intensity and temperature, respectively. To translate the EQE measured under 

white light to IQE, we normalized the values such that at room temperature and at 

zero bias it will coincide with the peak of the IQE spectrum, measured under the same 

conditions. The IQE spectrum was derived using the measured EQE spectrum and the 

reflectance spectrum of the cell (see supplementary 6.10.6). In Figure 38e, the applied 

bias was 0.5 V and the different curves are for different substrate temperatures. We 

chose 0.5 V to minimize the internal field and at the same time to ensure the bias is 

below Voc even at high temperatures (see Figure 38c). The concept of intensity 

dependent measurement39-41 is that at low light intensity the recombination losses are 

minimized and the plateau region is where recombination between light-generated 

charges is negligible. Thus, this low intensity IQE is most likely to represent the 

effective dissociation efficiency and may serve us to compare measurement and 

theory. According to Figure 38e, the intensity of 1mWcm-2 is in the low intensity 
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range and hence can be used to examine the charge generation, or exciton 

dissociation, efficiency. 

In principle, the light intensity dependence can be used to identify signatures of trap-

filling of the trap-assisted recombination and of the bi-molecular recombination.39-41 

In our case, examining the higher intensity range, one cannot identify any signature of 

trap-filling for the trap-assisted recombination. Since Figure 38d clearly shows that 

trap-assisted recombination is rather dominant, we are left to conclude that the traps 

are already full at low light intensity or rather are already full under dark conditions.40 

Figure 38f shows the temperature dependence of the IQE measured at 1 mWcm-2 and 

for a range of applied bias. We note that towards room temperature the IQE increase 

tends to saturate and that as a function of bias it saturates towards -1 V. At room 

temperature, the relative increase of the IQE between +0.5 V and -1 V is ~30%. This 

30% difference could be either due to field dependent charge generation10 or to 

recombination with the dark charges40, 42 that are injected under forward bias. The 

results discussed above are clearly for the recombination with the dark charges 

through trap-assisted recombination,40 and we return to this point in the following sub 

section. 

            

6.4.1. Comparing with the theoretical predictions 
Having collected the information regarding the PTB7-Th:ITIC BHJ OPV device we 

move to compare with the EED model developed in this paper. When doing so, one 

has to remember the limited scope of the model and specifically that it does not 

account for the potential effect of the electric field on the exciton dissociation.10 

Neither does it account for the recombination that may be induced through the 

injection of dark charges under forward bias.40  

With the above limitations in mind we chose to fit the curve closest to VOC, i.e. at 

+0.5V, and rely on the fact that the theory (Figure 37) predicts that not only the 

absolute value of the efficiency changes with disorder but also that its temperature 

dependence (functional form) is significantly dependent on the junction disorder (σcp). 

Assuming the mobility relevant for the charge dissociation is the steady state 

one,  Figure 37 was already calculated using parameters suitable for the measured 

device (μ=10-4 cm2s-1V-1, τCT =10 ns).34-36, 43 Figure 39a shows the measured internal 
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quantum efficiency (symbols) overlaid on the calculated dissociation efficiency 

curves. The best fit is found for a junction disorder of σcp=90 meV with the 

discrepancy being mainly at room temperature. Using the same material parameters 

Figure 38. (a) Current density-Voltage curve under one sun illumination for PTB7-th:ITIC BHJ 

device. Left inset shows the wavelength dependent external quantum efficiency measured under 

very low light intensity as well as the energy level diagram of PTB7-th and ITIC. Right inset 

shows chemical structure of the PTB7-Th donor polymer and of the ITIC acceptor molecule. (b) 

Measured dark current-voltage curves for a range of temperatures. (c) Measured open circuit 

voltage (VOC) as a function of excitation light intensity, for a range of temperatures. Inset shows 

the open circuit voltage, at 1 Sun, as a function of temperature. The dashed line is extrapolation 

to find the effective bandgap (1.47eV) (d) Extracted ideality factor values from the dark current 

(full red squares) and from the open circuit voltage (purple squares). Lines are only a guides to 

the eye. (e) Internal quantum efficiency (IQE) as a function of excitation intensity and for a range 

of temperatures. Applied bias was 0.5 V. (f) IQE as a function of inverse temperature and for a 

range of applied bias. Excitation intensity was 1 mWcm-2. 
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(μ=10-4 cm2s-1V-1, τCT =10 ns) we can use equation 6.12 to deduce the effective 

binding energy, that corresponds to the measured dissociation efficiency, and the 

resulting values are shown in Figure 39b. The deduced effective binding energies are 

indeed with a slope that is indicative of disorder and the room temperature value 

corresponding to the measured data is Eb,eff = 90 meV.  

By overlapping the measured IQE with the predicted effective dissociation efficiency 

we found that the best fit is with junction disorder ( ) of about 90 meV (Figure 

39a). This disorder magnitude is in accordance with previous works on this materials 

system. According to ref [34] the disorder of ITIC mixed with PTB7-th is about σa = 

70 meV and ref [44] shows that PBT7-th has about σd = 70 meV when mixed with 

fullerenes (i.e. σcp @ 100 meV). The fact that overlapping the model and experiment 

yields the film’s disorder, suggests that the model captures at least part of the physics.  

2 2
cp d as s s= +
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However, we note that the functional form of the predicted curves does not reproduce 

the saturation in dissociation efficiency at high temperatures. Moreover, one should 

keep in mind that our analysis of Figure 38d and Figure 38e indicated that trap 

assisted recombination contributes an intensity-independent loss. Namely, the actual 

dissociation efficiency should be higher than the measured low-intensity IQE. Also, in 

the model we make use of the Onsager-Braun theory, and to derive the value for the 

escape rate (κcd) we used the steady state mobility of 10-4 cm2s-1V-1. However, the 

Onsager-Braun theory did not consider the presence of disorder. One could argue that 

the mobility to be used should thus be the one that would have existed if the material 

was energetically ordered (i.e a few orders of magnitude higher). A different 

argument would lead to a similar conclusion. Figure 36d shows that the charges can 

be considered separated at a distance below 6 nm. By moving only a few nm the 

charges do not get “trapped” by the low density of low energy sites and their motion 

Figure 39. (a) and (b) For the simulated device we used μ=10-4 cm2s-1V-1  and τCT =10 ns: (a) Square red 

symbols are measured results for PTB7-th:ITIC device IQE as a function of 1000/T. Other lines are the 

simulation results for ηcd,eff as a function of 1000/T for different disorder magnitudes. (b) Calculated Eb,eff 

for both measurements and simulated results by using eq6.12.  (c) and (d) For the simulated device we 

used μ=10-2 cm2s-1V-1  and τCT =10 ns: (c) Square red symbols are measured results for PTB7-th:ITIC 

device IQE as a function of 1000/T. Other lines are the simulation results for ηcd,eff as a function of 

1000/T for different disorder magnitudes. (d) Calculated Eb,eff for both measurements and simulated 

results by using eq6.12. 
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is represented by the instantaneous mobility.45 To check if this could be the source of 

the discrepancies, we use the disorder of σa=σd=70 meV and theories on charge 

transport in disordered media to deduce that in the ordered case the mobility would be 

1-2 orders of magnitude higher. 46, 47 We take the limit of 2 orders and repeat the 

procedure, of matching model to experiment, for the parameter set of (μ∙τCT =10-10 

cm2V-1 or μ=10-2 cm2s-1V-1, τCT =10 ns). Figure 39c shows the best fit of the 

functional form between the model’s CT separation efficiency and the measured EQE, 

and Figure 39d shows the effective binding energy deduced from the data in Figure 

39c, utilizing equation 6.12. Using this higher mobility, the quality of the fit improves 

as it holds well also at room temperature. Namely, the results presented in Figure 39c 

confirm that it is the instantaneous or “disorder-free” mobility that should be used in 

the Onsager-Braun expression.45 In fact, only the use of the “disorder-free” mobility is 

consistent with our use of temperature independent mobility47 to deduce κcd in the 

Onsager-Braun formalism. 

The deduced junction disorder (σcp=90 meV, σa=σd=65 meV) is unchanged. However, 

the absolute values in Figure 39c are higher than those of Figure 39a. The absolute 

values, for the +0.5 V bias, indicate that at room temperature the CT separation 

efficiency is close to 100% implying that the charge generation efficiency, at room 

temperature, is almost bias independent. The deduction requires that the measured 

bias dependence of the IQE at room temperature would be largely a result of the trap-

assisted recombination where the traps are mainly filled by dark injection. Similar 

conclusion was drawn from the discussion of Figure 38d and Figure 38e above. 

The field independent exciton dissociation is in agreement with the observation of 

field independent charge generation in time-delayed collection field (TDCF) 

measurements of the same material system.48 To further support the above conclusion, 

we performed a device simulation using the Sentaurus platform (by Synopsis). For the 

simulation parameters and fitting procedure see supplementary. Figure 40 shows the 

simulation’s fits to measured data as well as the result when traps are neglected. The 

excellent fit between measured and simulated results supports the notion that the bias 

dependent QE is due to trap assisted recombination through traps that are mostly 

filled already in the dark (at room temperature). Namely, the EED model, the detailed 

experimental analysis, and the device model are self-consistent. 
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6.5. Discussion 
We found that the experimentally measured internal quantum efficiency and the 

deduced binding energy can be reproduced by the theory presented above. To reach 

this point we started by modifying existing theories19, 21 to come up with a model that 

is device-compatible. Formally, we were after including the spatial dispersion of the 

density of states27 to produce device-equivalent effective medium. Within the EED 

model we examine the local energy landscape surrounding the CT exciton and 

represent this local environment by its CT dissociation efficiency and not by its local 

binding energy. Translating into the device level is then straight forward through 

arithmetic mean of the local efficiencies found throughout the device. We then use the 

Onsager-Braun expression to define a new binding energy which we term the device-
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 Figure 40. Measured and simulated J-V curves under 10-2 Sun (a) and 1 Sun (b) illumination. 

Symbols are the measured Data. Green line is the best fit achieved using CpPT=8 ns for the trap 

assisted (SRH) recombination and workfunction of ZnO being 0.22 eV below the LUMO. Red line is 

for bimolecular recombination only (10-12 cm3s-1). See text for other parameters used.
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equivalent effective binding energy. It describes the apparent energy required to 

dissociate CT-excitons within the non-homogenous device. We consider this approach 

to be our most important contribution as it allows direct comparison with relevant 

device characteristics. An attribute that was reserved to dynamic Monte-Carlo 

simulations.15, 21 As the issue of binding energy is important we present in the 

supplementary a detailed analysis and comparison of three approaches of defining 

effective binding energy, in the context of entropy and disorder (Figure 47). Using 

device-equivalent binding energy somewhat complements the discussion of what the 

actual binding energy is 15 and the importance of dimensionality20 in determining its 

value. 

As the dimensionality of the problem is important,20 we decided to perform our 

calculations by actually generating a 3D lattice that represents the local environment 

and guides the calculation of the available sites to dissociate through (Ω(r)). The 

discussion in the supplementary also compares using 3D lattice and not (Figure 48). 

However, we still use here a bi-layer morphology that could only be considered as a 

reasonable approximation to full BHJ morphology.21 The sensitivity to fine 

morphological details is also addressed in the supplementary materials (Figure 41 to 

Figure 46). For example, Figure 46 shows that if only the first interface layers are 

forced to be ordered, the binding energy distributions significantly narrows with 

respect to Figure 36. 

To test if our implementation of the EED model is good-enough, to describe and 

analyze working devices, we compared its prediction to results obtained through 

detailed NFA device analysis. As the EED model deals only with charge generation 

we expanded the theoretical scope and included a semiconductor device model. The 

self-consistency between the EED model, the experiments, and the device simulations 

indicates that our implementation of the EED model is good enough to explain device 

data like the one reported here. Figure 39a,b and Figure 39c,d were calculated for two 

values of μ∙τCT. To complete the picture, Figure 49 shows the dissociation efficiency 

as a function of μ∙τCT or κcd∙τCT. From such results we can infer that the quality of the 

fit improves significantly already at μ∙τCT =10-9. The good fit (Figure 39) suggests that 

entropy and disorder govern the exciton dissociation in the PTB7-Th:ITIC BHJ OPV 

device. 
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6.6. Conclusions 
We presented a new EED model and an intuitive definition for CT binding energy that 

is relevant to operating BHJ OPVs. This definition maintains the distinction from the 

activation energy of the charge generation10, 15 and results in Ebeff of slightly above 

100meV, which is in agreement with a recent report49 probing this quantity in NFA 

OPV. Performing direct comparison with relevant experimental data allow us to 

conclude that entropy and disorder is not only an optional explanation but rather that 

it dominates the CT exciton dissociation in the measured device. 

We found that a bulk disorder of only σ=70meV is sufficient to dissociate the 

excitons. Avoiding disorder of about 70 meV in a BHJ structure is very difficult and 

our work may help in explaining why high charge generation efficiency is so common 

for NFA devices, even though low energy offset between donor and acceptor 

materials is maintained. We note that σ=70 meV is a low enough disorder value that 

by itself is not supposed to preclude steady state mobilities as high as 10-2 cm2V-1s-1 

(assuming disorder-free mobility of 1 cm2V-1s-1). 

Our device analysis (supplementary Figure 54 and Figure 55) suggests that on the 

device side one should make use of blocking layers50 that allow for electrostatic band 

bending that would increase the built in potential under light excitation.51, 52 However, 

this is outside the scope of this paper. 

 

6.7. Experimental 
6.7.1. Device Fabrication 

Organic solar cells were fabricated with the following structure: ITO/zinc oxide 

(ZnO)/active layer/molybdenum trioxide (MoO3)/silver (Ag). The ITO glass was pre-

cleaned in an ultrasonic bath of acetone and isopropanol, and treated in ultraviolet–

ozone chamber (Jelight Company, USA) for 15 min. A thin layer (30 nm) of ZnO sol-

gel was spin-coated onto the ITO glass and baked at 200 °C for 60 min. A mixture of 

PTB7-Th (One-Materials Inc)/ITIC (Solarmer Inc) was dissolved in DCB (Sigma-

Aldrich Inc) solvent (D:A = 1:1.5, 15 mg mL−1 in total) with stirring overnight (80 

°C). Then, the blended solution was spin-coated on the ZnO layer to form a 

photosensitive layer. The thickness of active layer was ≈100 nm. A MoO3 (≈10 nm) 



92 
 

and Ag layer (≈100 nm) was then evaporated onto the surface of the photosensitive 

layer under vacuum (≈10−5 Pa) to form the back electrode. The active area of the 

device was 0.1 cm2.  

 

6.7.2. Measurements procedure 
Current-voltage characteristics was measured with a Keithley 2612 source meter. 

Spectrally resolved external quantum efficiency (EQE) was performed in the 

following way. Light from a tungsten halogen lamp (Oriel, 250 W QTH) was 

dispersed through a monochromator (Oriel, CS130). The light intensity was 

monitored using reference silicon and germanium photodetectors. Light from the 

monochromator (1.5 μWcm-2 at 600 nm) was chopped at 120 Hz and the signal was 

read using a lock-in amplifier (EG&G 7265). Power dependent quantum efficiency 

was measured using a white light emitting diode metrics, whose intensity was 

controlled by the bias current. Appropriate optical density (OD) filters were used to 

extend the intensity range (~5 order) from ultra-low to more than one sun light 

intensity. Care was taken to ensure that the light spot falls within the pixel to avoid 

any potential edge effects. The temperature was controlled by a low temperature 

micro probes and a K-20 controller (MMR technologies Inc). IQE was deduce by 

reflection measurement in the range of 400-1000 nm (Agilent Cary 5000) with a 

theta-2 theta configuration at an angle of 6 deg. 
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6.10. Supplementary materials 

6.10.1. Calculating Ω(r) 
Our method of counting is described in the paper. In this section, we give some 

counting result for different morphologies. 

 

6.10.2. Morphology/Geometry 
First, we describe the simplest morphology. Consider a symmetrical (the morphology 

of donor and acceptor is identical), device, with cubic lattice, with lattice parameter 

of 1[nm]. The 2D analog situation is shown in Figure 41. Point ‘j’ is located at the 

origin. The colored area represents sites which are part of r-separated pair-

configuration. Note that a colored site may participate in multiple r-separated pair-

configuration. 

   

  

 

Figure 41. 2D illustration of simple morphology. Red mesh describes sites on side A and green mesh – 

side B. Point ‘j’ is located at the origin. The colored area represents sites which taking place in 

forming r-separated CT. graphs (a)-(e) present the feeding area for r-separated CTs, where r is equal 

to 1-5[nm] respectively 

Second, replace one side cubic lattice with elongated shaped sites, ‘face-on’ 

conformation, represented by 1X4X1 cuboid. we use Cartesian coordinate system (x, 

y, z), when the x-axis is perpendicular to donor-acceptor interface and y, z axes are 

parallel to it.  The 2D analog situation is shown in Figure 42.  

   

(a) (b) (c) 

(d) (e) 

(a) (b) (c) 
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Figure 42. 2D illustration of sites with elongated shape morphology, ‘face-on’ conformation 

(compare to Figure 41). 

Third, similar to second case, but instead consider ‘edge-on’ conformation.  2D 

analog situation is shown in  

 

 

 

 

 

 

 

Figure 43. 2D illustration of sites with elongated shape morphology, ‘edge-on’ conformation (compare 

to Figure 42 and Figure 41). 

Fourth, examine more elongated (1X10X1) ‘face-on’ system. 

Fifth is a parallel ‘face-on’:’face-on’ system represented by 1X10X1:1X10X1 cuboids 

(Figure 44). 

   

  

 

Figure 44. 2D illustration parallel ‘face-on’:’face-on’ system (compare to Figure 41). 

   

  

 

(d) (e) 

(a) (b) (c) 

(d) (e) 

(a) (b) (c) 

(d) (e) 
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Sixth is a perpendicular ‘face-on’:’face-on’ system represented by 1X10X1:1X1X10 

cuboids (Figure 45). 

Seventh is a ‘face-on’:’edge-on’ system represented by 1X10X1:10X1X1 cuboids 

Eighth is a 1X1X1:3X3X3 system. 

Ninth is a 1X6X10:3X3X3 system. 

For each morphology, we calculated Ω as a function of r and extracted its figure of 

merit. Table 5 organizes the counting results. 

Table 5. counting Ω(r) for diverse morphology 

Number Dimensions Figure 

of merit 

a 
R3 

1 1X1X1:1X1X1 a∙r3 2.27±0.03 0.999 

2 1X1X1:1X4X1 a∙r3 1.94±0.02 0.999 

3 1X1X1:4X1X1 a∙r3 1.94±0.02 0.999 

4 1X1X1:1X10X1 a∙r3 1.89±0.01 1.000 

5 
1X10X1: 

1X10X1 
a∙r3 1.39±0.01 1.000 

6 
1X10X1: 

1X1X10 
a∙r3 1.40±0.01 1.000 

Figure 45. 3D illustration of a perpendicular ‘face-on’:’face-on’ system 

(compare to Figure 44). 
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7 
1X10X1: 

10X1X1 
a∙r3 1.40±0.01 1.000 

8 1X1X1:3X3X3 a∙r3 1.52±0.01 1.000 

9 1X6X10:3X3X3 a∙r3 0.73±0.02 0.995 

 

We conclude, that although the result is always proportional to r3, the pre-factor may 

change by a factor of up to three depending on the morphology. 

 

6.10.3. Ordered interfacial layer 
We simulated the case when the first interfacial layers of the donor and acceptor are 

ordered. All other molecules are energetic disordered with Gaussian distribution, the 

width of this distribution is according to the graph legend. We apply the EED model 

on a cubic geometry with lattice constant of 1 nm and assume ε=3.3.  

Compare these narrow local binding energy distributions to the results of the fully 

disordered system (Figure 36a and b). 

 

Figure 46. a) and (b) are the normalized distributions of the local binding energy (Eb,j) at 200 °K and 

at 300 °K, respectively. Symbols are the simulation results and solid lines are Gaussian fits. Blue, 

cyan, green, grey, red, and magenta lines are simulation results for junction disorder standard 

deviation (σcp) of 0 meV, 20 meV, 40 meV, 60 meV, 80 meV, and 100 meV, respectively. 

 

6.10.4. Dissociation efficiency and binding energy  
We have presented a model that accounts for the effect of entropy on CT exciton 

dissociation in the presence of disorder. Our work builds on the paper by Hood et. al. 
1 but the translation of the disordered film to an effective medium is very different. 
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The importance of choosing the most suitable method to “average” the disordered 

medium to obtain an effective (device equivalent) value has been discussed 

extensively in the context of charge mobility.2, 3 Starting our work we could consider 

three methods of treating entropy and disorder, one of which was used in the main 

paper.  The three methods (Figure 47) start with realizing that the sample should be 

considered as being composed of different environments (labeled j), each having its 

own set of disordered energy states and a resulting thermodynamic potential, ΔFj(r). 

The following task is to translate the ensemble of ΔFj into an effective quantity. The 

first rigorous treatment of entropy and disorder was by Hood et. al. 1 and in Figure 47 

it is depicted as method A. The process of creating the effective, or device equivalent, 

medium consists of averaging the thermodynamic potentials and using the average 

potential (ΔFeff) to extract the effective binding energy (see Figure 33). The effective 

binding energy drops to below kT at junction disorder above σcp = 130meV or bulk 

disorder of σa=σd=90meV (Figure 48). Linking this binding energy to device 

properties is not straight forward as a binding energy below kT would result in 100% 

dissociation efficiency regardless of any other material’s parameters (as exciton 

lifetime or charge hopping rate). 

 

Figure 47. Illustration of three methods to arrive at an effective binding energy 

In Figure 36 we showed that if one does not average ΔFj but rather extract from every 

j environment its local binding energy (Ebj) and separation distance, than the results 

have a rather large distribution. As all distributions, in Figure 36, are fitted well by a 

gaussian it may trigger what we labeled as method B in Figure 47. Namely, define the 

effective binding energy as the average, or most probable, binding energy. Using this 

method, the effective binding energy drops slower, relative to A, as a function of 

disorder (Figure 48). However, it also does not lend itself for direct comparison with 

experimental data. The third method (C in Figure 47) is the one proposed here. The 

∆Geff(r)=

mean{∆Gj(r)} 

Extract Eb,eff

Eb,eff
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=
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basic idea behind it is to try and mimic the physical process taking place in the solar 

cell device. Namely, the dissociation efficiency of a device is a result of collecting the 

charges that were generated at different positions within the layer (i.e. at different 

environments).  

In Figure 48 we compare results obtained by the three methods as well as the effect of 

the counting strategy. As methods A and B do not provide the effective dissociation 

efficiency, we compare the binding energies. The top raw of Figure 48 was produced 

as in the main paper. For each environment to be evaluated, first a 3D lattice of sites 

energies is generated and then Ω for all ‘r’ are computed using the same lattice. As the 

same lattice is used for all ‘r’ there is some correlation between them. The second and 

third raw use the method as in ref 1 where for every ‘r’ one generates a new set of 

states with their number dictated by the rule (Ω =2r3 or Ω =r3). 
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Figure 48. Eb,eff versus disorder for all three methods. (a-c) Method A µ=10-2[cm2/V·s], τCT=10-8[sec]; 

(e-g) Method A µ=10-4[cm2/V·s], τCT=10-8[sec]; (i-k) Method B; (m-o) Method C. (a, e, i, m) 

calculating G(r) while scanning the geometry of [1 1 1, 1 1 1] (with correlation); (b, f, j, n) 

Ω(r)=2πr3/3 no correlation; (c, g, k, o) Ω(r)= r3 no correlation 

First, we discuss differences between results of method A and method B. As long as 

all CTs dissociate in the same separation distance, method A and B lead to identical 

results. Thus both methods predict the same Eb,eff for low disorder when almost all CT 

dissociates at the same separation distance. But as the disorder grows, the distribution 

of dissociation distance becomes wider, each ∆Fj(r) has maximum at a different r, and 

by averaging ∆Fj(r) the maximum value, Eb,eff, is lowered. Method A produces a fast 

decreasing Eb,eff  reaching zero within the disorder range considered. Method B also 

shows that Eb,eff is decreasing, but in a more softened way. 
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For Method C we use two columns as this method takes into account the materials’ 

physical properties as the exciton lifetime and the mobility (hooping rate).  For the 

two mobilities used we note that the effective binding energy does not reduce to zero. 

Moreover, at high disorder the temperature dependence flips sign instead of gradually 

diminishing to zero. The most unique feature of method C can not be presented in a 

figure like Figure 48 as it is the only method that directly evaluates the device 

equivalent effective dissociation efficiency.  

 

6.10.5. Further discussion regarding ηcd,eff and Eb,eff 
dependencies 

Figure 49 shows the effective dissociation efficiency at (a) 200[⁰K] and at (b) 

300[⁰K]. κcdτCT range is matched to mobility range of 10-5-10-2[cm2/V∙s], assuming τCT 

=10ns. As κcdτCT grows, so does the dissociation efficiency as the hopping away (κcd) 

becomes faster relative to the decay. In case of ordered or close to an ordered system, 

the dissociation efficiency is a linear function of κcdτCT. We may explain this linearity 

by paying attention to the fact that dissociation rate is respectively low because in the 

ordered case, unlike the disordered case, all Eb,j share almost the same value and it is 

unlikely to find low Eb,j. According to eq(11), when dissociation rate is low, ηcd,eff  is a 

linear function of κcdτCT:

 

The dissociation is more effective as the disorder is increases because the expectation 

value of Eb,j drops as the disorder increases. Naturally, high temperature is another 

factor that encourages dissociation and leads to high ηcd,eff. 
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As we deduce Eb,eff from ηcd,eff, Eb,eff inherits ηcd,eff temperature, disorder, and κcdτCT 

dependencies. The fact Eb,eff is κcdτCT dependent shows the insignificance of Eb,eff as a 

key parameter in understanding the dissociation process. 

The κcdτC dependence of Eb,eff is shown in Figure 50 Again, κcdτCT range is matched to 

mobility range of 10-5-10-2[cm2/V∙s]. For the ordered case, Eb,eff is independent of 

κcdτCT and equals to Eb,j which are identical for any j. 

It seems that the same conditions which support ηcd,eff linear dependent on κcdτCT are 

responsible for Eb,eff independent of κcdτCT. We may verify this suspicion by using 

eq(12) and assuming  and ηcd,eff <<1(dissociation rate is 

low): 
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Figure 49. effective dissociation efficiency (ηcd,eff) as function of κcdτCT for various junction disorder standard 

deviations (a) at 200[K] and at (b) 300[K]. The vertical dashed lines correspond to µ=10-4cm2v-1s-1 (left line) 

and µ=10-2cm2v-1s-1 (right edge line) used for Figure 39 in the main text. 
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As κcdτCT and disorder are increasing, the assumptions are not holding and Eb,eff 

becomes more κcdτCT dependent. 

Figure 49 reveals that as κcdτCT is growing, ηcd,eff tend to unity and all graphs of 

different disorders are getting closer together. This is the reason for the effect we see 

in Figure 50 causing all graphs getting closer together as κcdτCT increases.  

Below we show the same results but where the x-axis is the junction (charge-pair) 

disorder and the curves are for different charge mobility values (translated to Kcd 

using Onsager-Braun theory). 

 

 

6.10.6. EQE and IQE 
 

Figure 51. effective dissociation efficiency as a function of disorder standard deviation for various 

values of κcdτCT (κcd values correlates to the mobility values written in the legend, τCT=10-8[s]) (a) at 

200[K] and at (b) 300[K]. 

Figure 50. Effective binding energy as a function of κcdτCT for various disorder standard deviations (a) at 

200[K] and at (b) 300[K]. 

Figure 52. effective binding energy as a function of disorder standard deviation for various values of (κcd values 
correlates to the mobility values written in the legend, τCT=10-8[s]) (a) at 200[K] and at (b) 300[K]. 
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Figure 53. Spectral distribution of the external quantum efficiency (EQE, purple), internal quantum 

efficiency (IQE, green), the absorbed fraction as 1 minus the measured cell’s reflection (dashed red), 

the white LED (dashed, black) 

The internal quantum efficiency is calculated by dividing the external quantum 

efficiency (EQE) by the fraction of light absorbed by the cell (1-R). 

 

6.10.7. Device simulation data 
For parameters we used the effective bandgap of 1.5 eV (deduced from the inset to 

Figure 38c in main text), disorder parameter for the HOMO and LUMO levels of 

σ=70 meV, µe=µh=2∙10-4 cm2v-1s-1, and a low bimolecular recombination of 10-12 

cm3s-1 (Langevin coefficient is 2∙10-10 cm3s-1). For the contacts we assumed that the 

MoOx has the potential to align with the HOMO level. We used the workfunction of 

the Zinc Oxide and the trap recombination lifetime (CpPT) as fitting parameters to fit 

the VOC as well as the J-V shape at 1 Sun and 10-2 Sun. Best fits (Figure 40 in main 

text) were achieved using mid-gap traps with recombination lifetime of CpPT=8 ns 

and workfunction of ZnO being 0.22 eV below the LUMO level (of ITIC). Below we 

add two figures to expand the physical picture captured by the semiconductor device 

model. 
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Figure 54. Simulation of the same device as in the main paper but without trap-assisted recombination 

and the bimolecular recombination reduced by a factor of 100. The Result indicates that VOC is limited 

to below 1V and not by the magnitude of the recombination losses but rather the build in voltage 

.  

Figure 55. Band structure of the same device simulated in Figure 54 under 1 Sun excitation. The 

dashed blue and red lines denote the electron and hole quasi Fermi energy, respectively. (a) at V=0. 

(b) at V=1V. Note that 1V is the flat band voltage indicating voltage losses at the contacts plus ZnO 

layer of 0.5V. 
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7.1. Abstract 
Revisiting the intensity-dependent quantum efficiency (IDQE) technique in the 

context of non-fullerene acceptors (NFA), we find that at forward-bias conditions, the 

response exhibits what seems to be anomalous behavior that is not consistent with 

light excitation induced trap-filling. Analysis based on the Shockley-Read-Hall model 

leads to the conclusion that the contacts cause the traps to be completely full in the 

dark. The role of the light excitation is to half-empty the traps, and thus the 

“anomalous” behavior is created. By fitting the IDQE at several bias levels, we find 

that the trapping is consistent with multiphonon capture by a state close to the middle 

of the gap. As trap-assisted recombination is a significant loss mechanism, it is 

essential to fully monitor it for indoor applications as well as to cross the single 

junction 20% power conversion efficiency limit. 

 

7.2. Introduction 
Organic solar cells and specifically those based on non-fullerene acceptors (NFA) 

have been advancing rapidly.1 The introduction of the Y series acceptor molecules2, 3 

approaching 19% power conversion efficiency.4-7 To reach the ~25% theoretical 

limit,8 the internal processes have to be thoroughly characterized.9-12 The method of 

using the intensity-dependent quantum efficiency (IDQE) to characterize 

recombination losses was first introduced by Rappaport as a mean to characterize 

Langevin recombination in organic semiconductors.13, 14 Measuring cell’s parameters 

as a function of light intensity is common practice;15, 16 however the measurement 

typically extends across 1 or 2 orders of magnitude only. The IDQE however, relies 

on measuring 4-6 orders of magnitudes.17 Starting from extremely low intensities 

implies that the method is also suited to decipher the mechanisms at play in devices 

designed for indoor applications.18, 19 Following the suggestion by Street that the 

recombination in bulk heterojunction is susceptible to interface recombination20 in the 

form of trap assisted recombination,21, 22 Tzabari extended the IDQE method to 

characterize the trap-assisted recombination.23 It is worth noting that trap assisted 

recombination was found to be important in other contexts as well.24 Using the 

formalism of the Shockley-Read-Hall (SRH) recombination,25-27 the trap-assisted 

recombination was found to positively correlate with the subgap spectral signature of 

the interface charge transfer (CT) states.28 In a later publication, the subgap signature 
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of the CT states, in the internal quantum efficiency spectrum, was also found to 

correlate with the reverse leakage current in low-leakage diodes.29 The relation 

between traps and CT state signature was also carefully analyzed in ref.30.  The 

conclusion to be derived from ref 28-30 is that, in carefully prepared devices, the traps 

are interface states formed between the donor/acceptor and are not extrinsic impurity 

levels. Namely, the physical picture suggested by Street21, 22 seems to capture the 

essence of the device’s recombination processes.  

 

Figure 56. (a) The energy level diagram that corresponds to the physical picture considered by 

Tzabari et al.23, 31 (b) The charge density within the traps as a function of excitation intensity, 

normalized to the trap density. (c) The IDQE signal, as described by Tzabari et al.,23, 28, 31 including 

contributions from traps and bi-molecular recombination. 

To explain the signature of trap filling in the IDQE, as used by Tzabari et al.,23, 28, 31 

we plot in Figure 56a the physical picture that was considered. The active layer is 

described by an effective semiconductor having conduction (LUMO) and valence 

(HOMO) levels. The semiconductor is close to being intrinsic such that the Fermi 

level in the dark (EF) is close to the intrinsic Fermi level (EFi) which in itself is close 

to the middle of the gap. The semiconductor has traps that are described by a single 

trap energy which resides between the Fermi level and the conduction band 

(EC>ET>EF). This relative position ensures that the traps are essentially empty in the 

dark.  

Figure 56b shows the density of trapped charges as a function of excitation intensity. 

Details of the equations used can be found in the analysis section. At the low intensity 

limit, the trapped charge density is negligible relative to the traps’ density. At higher 

excitation intensity the traps are being filled until the point where the electron and 

hole densities are high enough such that the quasi-Fermi level of electron crosses the 

traps’ energy level. At this point the trapped charge density is saturated at the half of 

the trap density (traps “full”). Since the trap assisted recombination is dependent on 
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the trapped charge density, we would expect it to rise and saturate at the trap-full 

limit. 

The computed IDQE is shown Figure 56c. At ultra-low intensities (light blue line), 

the recombination rates we considered are negligible and any losses that do exist we 

would term as background recombination. In the simplest scenario, this would be 

geminate recombination13 or recombination with background (dark) carriers.31 The 

following dashed (brown) line is the signature of the trap-assisted recombination, 

which shows that as the traps become significantly filled (Figure 56b) the trap assisted 

recombination rate cause the quantum efficiency to drop. In this figure the efficiency 

starts to level off, traps (half) full, and at higher intensities bi-molecular 

recombination kicks in (green line), causing the efficiency to drop again. Since the 

shape of the IDQE curve is closely related to the interplay between charge 

recombination and charge extraction, it can be used to extract internal parameters. 

Namely, the traps’ energy can be extracted from the IDQE curve. The height of the 

step is the maximum loss determined by the competition between charge extraction 

(~µE) and trap-assisted recombination (d/τSRH) rates.  

Adding the bias dependence of the IDQE would allow extracting additional 

information. This addition enabled showing the relation between the trap signature 

and the processing conditions or device structure, for solution-processed fullerene23, 28, 

31, 32 and non-fullerene acceptors12 as well as for small molecule bi-layer devices.33, 34 

Recently, this method was used in ref 35 to show that traps are present in a range of 

NFA-based compositions, thus further strengthening the notion that the IDQE is a 

powerful tool and that the original picture put forward by Street20-22 et al. carries 

significant merit. In this paper, we revisit the IDQE method. We show that for devices 

with good contact injection, the device (dark injection) could completely change the 

IDQE response and at the same time allow accessing another physical parameter. 

 

7.3. Results  
Devices consisting of Glass (0.5 mm)/ITO (155 nm)/ZnO (30 nm)/active layer (100 

nm)/MoOx (10 nm)/Ag (100 nm) were prepared and encapsulated at UCLA before 

shipping to Technion for testing. Details of the device fabrication can be found in 

reference 12. We tested two types of active layers, with the first being based on 
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PM6:Y6 and the second on the PTB7-Th:ITIC donor:acceptor pairs (see Figure 57 for 

the molecular structures). Figure 57a and Figure 57c show the status of the devices 

after arriving at the Technion, exhibiting the expected VOC and a slight reduction of 

JSC (we measured 3-4 devices of each with essentially no difference between the 

devices of the same set). A significantly broader study of the ITB7-Th:ITIC devices 

can be found in reference 12. Figure 57b and Figure 57d show the IDQE response for 

several bias levels that correspond to the devices of Figure 57a and Figure 57c, 

respectively. The inset to Figure 57b shows the experimental set-up. The IDQE 

measurements were done in direct current (DC) mode since at low light intensity, the 

device response time was very long, such that the use of a chopper and locking 

amplifier distorted the signal due to the finite chopper frequency (few Hz or above). 

The downside is that we can detect a signal only once the photocurrent exceeds the 

dark current, limiting the range at forward bias to currents only in the 4th quadrant. 

Care was taken to ensure the excitation was spatially confined to the pixel’s area.36 

When absolute value are required, the low intensity limit at short-circuit is normalized 

to match the maximum EQE spectrum that is measured in a separate apparatus. 

 

Figure 57. (a), (c) Measured current density versus voltage under one Sun for PM6:Y6 and PTB7-

Th:ITIC devices, respectively. The inset shows the molecular structures of the donor and acceptor. (b), 
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(d) Measured quantum efficiency, using white light LEDs, as a function of excitation intensity (IDQE) 

for several bias voltages for PM6:Y6 and PTB7-Th:ITIC devices, respectively. 

Examining the curve at short circuit, black line in both Figure 57b and Figure 57d, we 

can hardly observe any signature of traps. The only apparent signature is bimolecular 

recombination at light intensities above 1 Sun (100mWcm-2). As the bias increases, 

the IDQE response assumes a shape that is very different from Figure 56a or similar 

curves obtained for fullerene acceptor devices.31, 33, 34 Specifically, the physical 

picture described in the introduction does not seem to explain the quantum efficiency 

increase with light intensity. However, as we show below, the new results are fully 

captured by the “old” model. 

 

7.4. Analysis and discussion 
To show that the experimental results, of cell’s efficiency increasing with light 

intensity, can be explained by the IDQE formalism that uses the established Shockley-

Read-Hall model, we revisit them both. The intensity dependent quantum efficiency 

(IDQE) is based on the relations presented in equation 7.1 below.13, 31 

(7.1)  !
𝐽!" = 𝐽#$%&' − 𝐽()* 			

𝐼𝐷𝑄𝐸(𝐽#$%&') =
+!"
+#$%&'

 

Here JPC is the measured photocurrent (𝐽!" = 𝐽 − 𝐽#$%&), Jlight is the light induced 

charge generation current, and Jrec is the recombination loss. In this approach the 

device is treated as a lumped element where the parameters are considered as spatially 

averaged values. 

As in ref 13, 31, we assume that the photocurrent is primarily drift current:  

(7.2) 𝐽!" = 𝑞𝜇'
(!"#
#
𝑛' = 𝑞𝜇)

(!"#
#
𝑛) 

where Vint is the internal potential drop (Vint=Vbi-Vappl), d is the sample’s length, mi 

are the mobilities and ni are the charge densities. For the losses we consider two 

recombination pathways: 

(7.3)  5
𝐽*+,-.'/ = 𝑑𝑞𝐵𝑛'𝑛)			
𝐽0%$12 = 𝑑𝑞𝑅345 								
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The first is a bimolecular rate that is often taken to be Langevin type (𝐵6 =
7

8$8%
[𝜇' +

𝜇)]) and the second is the trap assisted recombination that is taken to follow the 

Shockley-Read-Hall expression:25, 26 

(7.4)   𝑅,-. = 𝑟)𝑟&𝑁/ /
0(0&10$

)

(({0&30&*}3(&{0(30(*}
0 

In equation (7.4), re and rh are the electron and hole capture rates, respectively. ne and 

nh are the mobile electron and hole densities. ne1 and nh1 are the densities of mobile 

electrons and holes in the case where the Fermi level (EF) coincides with the traps’ 

energy (ET). These can be expressed as: 

(7.5)   𝑛)5 ≡ 𝑁67,𝑒𝑥𝑝 6−
8"18+
9,/

7 = 𝑛$𝑒𝑥𝑝 6
8+18-$
9,/

7 

(7.6)   𝑛&5 = 𝑛$𝑒𝑥𝑝 6
8-$18+
9,/

7 

Here NDOS is the effective density of states at the band edge, kbT is the thermal 

energy, EFi is the intrinsic Fermi level, and ni is the intrinsic charge density. 

Tzabari et al. suggested that part of the trap filling could be due to charges being 

injected from the contacts.31 Hence, under light excitation there would be both “dark” 

and “light” carriers with only the “light” ones being affected by the light intensity. 

Considering the above, we rewrite RSRH in equation 7.4 as: 

(7.7) 𝑅,-. = 𝑟)𝑟&𝑁/ 8
:0(./0130(#$%&';:0&./0130&#$%&';10$

)

(&<:0&./0130&#$%&';30&*=3(
(<:0(./0130(#$%&';30(*=

9 

where the subscripts dark and light denote the charges injected by the contacts or 

excited by light, respectively. 

The increase of the efficiency with light intensity (Figure 57) is an indication that the 

effect of recombination reduces or that the recombination lifetime increases. In other 

words, we are interested to follow the recombination lifetime, of light carriers 

(𝑛.+9): ≡ 𝑛'&!'(# = 𝑛)&!'(#), that is associated with trap assisted recombination (τSRH): 

(7.8)  5
>234

= -234
0#$%&'

= (((&?+
0#$%&'

8
:0(./0130#$%&';:0&./0130#$%&';10$

)

<0&./0130#$%&'30&*=3<0(./0130#$%&'30(*=
9 

Note that both τSRH and RSRH are intensity (density) dependent. With the aid of 

equations 7.1 to 7.7 we can calculate the IDQE for different dark carrier 



117 
 

concentration. In Figure 56 we examined the case where the density of dark carriers is 

low such that |𝐸; − 𝐸;+| < |𝐸0 − 𝐸;+| and the traps are relative empty. The scenario 

to be tested now is that of high density of dark charge carriers where |𝐸; − 𝐸;+| >

|𝐸0 − 𝐸;+|.  

Figure 58a depicts a scenario that is likely to take place close to the cathode where the 

contact workfunction is 0.4eV above EFi. Figure 58d represents a similar case but near 

the anode and we assume it to be 0.3eV below EFi. To fulfill the inequality 

|𝐸; − 𝐸;+| > |𝐸0 − 𝐸;+|, the traps’ energy is positioned close to intrinsic Fermi level 

(EFi), at 0.1eV above it. For the calculations we assume: 𝑟' = 𝑟) = 𝑟, 𝜏345<= 𝑑 =

0.5𝑟𝑁0𝑑 = 5𝑐𝑚/𝑠 and mE=30 s-1cm (𝜇𝐸𝜏345𝑑<= = 6; 𝑑 = 130𝑛𝑚). Figure 58b 

and Figure 58e show the calculated inverse traps assisted lifetime (1/τSRH in eq 5) as a 

function of the excitation intensity. Figure 58c and Figure 58f show the calculated 

IDQE signal.  

 

Figure 58. (a) & (d) Energy level diagrams used in the calculations. Note the position of EF in the 

dark. (b) & (e) Inverse photocarriers lifetime as a function of excitation intensity using the energy level 

diagram in (a) & (d), respectively. (c) & (f) Calculated IDQE signal where the contributions of the 

various mechanisms are separated using different colors. 

We start by examining the top row of Figure 58 that describes the case where the 

(dark) Fermi level is positioned well above the traps’ energy. In such a scenario, the 

traps are completely full and the trapped electrons’ density (𝑛:') fulfills >#)
?*
= 1. At 
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high light excitation intensity, both the electrons’ and holes’ density exceed the dark 

electron density. In other words, the electrons’ quasi Fermi-level exceeds the dark 

Fermi level or |𝐸;' − 𝐸;+| > |𝐸; − 𝐸;+| & or |𝐸;) − 𝐸;+| > |𝐸; − 𝐸;+|. In such a 

case, where 𝑛' = 𝑛) > 𝑛'+,%-, the dark carriers or EF play no role anymore and the 

trap density must be equal to that shown in Figure 56b (>#)
?*
= =

@
). Namely, unlike in 

Figure 56 where the excitation caused the traps to half-fill, here it causes them to half-

empty. Hence, Figure 58b shows a decrease in the trap assisted recombination loss 

that flattens at the points where the traps are half empty (half full).  

The calculated IDQE signal is shown in Figure 58c, where we separated the regimes 

using the same color scheme as in the discussion of Figure 56. Note that as the trap-

assisted recombination loss reduces, the IDQE signal starts to rise. For the parameters 

used, before IDQE signal saturates at a higher value, the bi-molecular recombination 

kicks in thus creating a “bump”. We consider this result as a clear indication that the 

“old” SRH model is sufficient to reproduce the surprising bump reported in Figure 57. 

 To understand the bottom row, we note that using 𝑟' = 𝑟) = 𝑟 made equation 5 fully 

symmetric between electrons and holes. The slight shift between the two rows in 

Figure 58 is due to the different separation between EF and EFi. The transition is 

associated with the quasi Fermi-level (EFe or EFh) crossing the (dark) Fermi-level (EF). 

While in Figure 56 the rates’ leveling could serve to derive the traps’ energy level, 

here it is linked to the position of the Fermi level in the dark. As in Figure 56c, the 

step height in Figure 58c and Figure 58f is 𝟏
𝟏B𝝁𝑬𝝉𝑺𝑹𝑯𝒅1𝟏

. 

While the above shows that the combination of good contacts (i.e., high EF) and deep 

traps (i.e., ET ~EFi) is likely to reproduce the IDQE bump is Figure 57b & Figure 57d, 

the model is too simple to attempt a fit. Specifically, in a real device the position of 

the dark Fermi level relative to the band edge (or to EFi) varies across the device. To 

attempt a fit, we will use a full semiconductor device model that solves the drift-

diffusion and Poisson equation along with the boundary conditions set by the 

contacts. We chose for the simulations the industry standard TCAD tool called 

Sentaurus by Synopsis.37 In the device simulation, the bulk-heterojunction is replaced 

by an effective medium. Within this simplified picture, although the materials used 

for the two devices (Figure 57) are different, we use the same basic parameters to 
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simulate both. It is true that the HOMO-LUMO gap of PM6-Y6 and PTB7-ITIC are 

reported to have HOMO-LUMO gap of 1.4 and 1.6, respectively. However, for the 

current discussion where we are studying normalized quantum efficiency (i.e., the 

IDQE) and are looking for an effect associated with the contact energy being closer to 

the band than the traps, the difference between 1.4 to to 1.6 can be considered to be 

small. The material parameters are collated in Table 6 and simulation results are 

shown in Figure 59. We take the MoOx to be a contact that is pinned at the valence 

band edge (HOMO) and the electron injecting contact is defined by the ZnO 

parameters. The excitation is taken to be uniform across the device. 

Table 6. Material’s parameters used by the device simulations 

  Active layer  ZnO 

EC ; LUMO  (eV) -4 -4.2 

EV ; HOMO  (eV) -5.6 -7.2 

Electron effective DOS  (cm-3) 1020 1019 

Hole effective DOS  (cm-3) 1020 1019 

Electron mobility  (cm2V-1s-1) 4x10-4 1 

Hole mobility  (cm2V-1s-1) 4x10-4 1 

Bimolecular recombination  (cm3s-1) 2x10-10  (0.4* Langevin) -- 

Trap assisted lifetime  (s) 106 -- 

Doping  (cm-3) -- 1017 

Relative dielectric constant  3 8.5 

 

Figure 59a shows the energy band diagram of the simulated devices. It consists of a 

30nm ZnO layer followed by a 100nm thick layer representing the bulk heterojunction 

(BHJ) layer. The diagram was calculated for a forward bias of 0.6V. The green lines 

are the quasi-Fermi levels of electrons (EFe) and holes (EFh) simulated under dark 

conditions. The dashed line close to the intrinsic Fermi level (EFi) denotes the traps’ 

level. Judging by the relative position of the traps and the quasi-Fermi levels, it is 

clear that the traps’ occupation in the dark varies across the device. The dashed blue 

lines are the quasi-Fermi levels under high excitation of 3 Sun. At this high intensity, 

the quasi-Fermi levels are almost parallel to the bands, and the traps should be about 

half-full (see Figure 56b). The inset to Figure 59b is similar to Figure 59a but for a 

bias of V=0 (short-circuit). Figure 59b and Figure 59d show a simulation of the IDQE 



120 
 

using the parameters in Table 6 along with the experimental data of the PM6:Y6 and 

the PTB7-Th:ITIC devices, respectively. The Full lines are the simulations, and the 

symbols are the data points copied from Figure 57. It is encouraging that the 

simulations predict a range where the quantum efficiency increases with light 

intensity, and for the PTB7-Th:ITIC device, the overall agreement is rather good. 

However, the efficiency drop with bias is too pronounced relative to the PM6:Y6 

data.  

To show that the conclusions from the simple model (Figure 58) that a bump would 

appear only for traps located close to the center of the gap, we simulated a range of 

traps’ energies. Figure 59c shows the simulated IDQE at 0.6V calculated for trap level 

at varying distances from the intrinsic Fermi level. It shows that, to reproduce the 

measured IDQE shape, the traps must be very deep, which in this case is at least 

0.5eV from the relevant band. 

 

Figure 59. (a) Energy level diagram of the simulated device at a bias of 0.6V. The dashed black line 

denotes the traps’ energy, the green lines are the quasi Fermi-levels in the dark, and the light blue are 

the levels under 3 Sun. (b) Simulation results (full lines) and experimental data of the PM6:Y6 device 

(symbols). (c) The effect of the traps’ energy level relative to EFi. at an applied bias of 0.6V. (d) Same 

as (b) but with the hole capture rate being reduced by a factor of 10. (d) Same as (b) but with the 

experimental data of the PTB7-Th:ITIC device. The inset to (b) shows the same data as in (a) but for 

short-circuit (V=0) conditions. 
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To improve the overlap between the simulations and the measurements of the 

PM6:Y6 device, we varied all possible device parameters listed in Table 6  with no 

success (including HOMO-LUMO gap and contact layer alignment). Any attempt to 

reduce the efficiency drop with applied bias, i.e., enhance the fill factor, resulted in a 

much less pronounced effect of the trap-assisted recombination. Figure 60a shows the 

results of breaking the symmetry between the electron (re) and hole (rh) capture rates. 

Making the holes’ capture rate slower by a factor of 10 reduced the opening between 

the curves while maintaining the overall shapes. Figure 60b shows the results for the 

best fit where the holes’ capture rate was 100 times slower than the electrons’ capture 

rate. The excellent agreement suggests that the simulations captured the essence of the 

device operation processes.  

 

Figure 60. Simulation results (full lines) and experimental data (symbols). (a) Same as Figure 59(b) 

but with the hole capture rate reduced by a factor of 10. (d) Same as (a) but with the hole capture rate 

being reduced by a factor of 102. The values are normalized to the IDQE at low intensity for 0V bias. 

 

7.5. Conclusions 
The intensity dependent quantum efficiency (IDQE) method has been known for a 

while as a tool for characterizing trap assisted recombination, requiring only a simple 

rate-equation model to analyze the results.23, 31, 33, 35 Studying the bias dependence of 

the IDQE for the two donor:acceptor pairs of PM6:Y6 and PTB7-Th:ITIC we found 

that the device structure plays a role in dictating the IDQE response. However, the 

same model and physical ingredients can still reproduce the new data. Specifically, 

the combination of trap states close to the mid-gap with efficient charge injecting 

contacts results in “anomalous” IDQE response shape. The enhancement of the 

quantum efficiency with light intensity is found to be associated with trap-emptying. 
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The contacts top up the traps so that they are almost completely full in the dark. At 

high light intensity, the high electron and hole densities and the relatively high 

recombination rate reduce the traps’ population to the half-full state. The effect of 

emptying the traps manifests itself in reduced recombination, and thus the efficiency 

increases. The fact that the “bump” is only pronounced at forward bias is an 

indication that the traps are distributed in the bulk and are not localized at the ZnO or 

MoOx interfaces. Figure 58c and Figure 58f show that near the contacts’ interfaces, 

where the Fermi-level in the dark is farther from EFi compared to the traps’ energy, the 

localized signal would always contain a “bump”. Only the traps at the bulk of the 

device would require the forward bias injection to reach the completely full state. 

The central role of trap-assisted recombination in bulk-heterojunction devices has 

been argued for since the reports by Street et al.21 about a decade ago. This study 

reconfirms that role, and the most intriguing result is the comparison of the PM6:Y6 

to the PTB7-Th:ITIC device. The improved fill factor of the PM6:Y6 device is 

associated with the decrease of the hole capture rate by the traps. In other words, the 

electrons’ lifetime within the traps is 100-fold longer, resulting in a much-improved 

fill factor.  

Although traps are typically treated not within the molecular picture, the asymmetry 

in electron/hole capture is consistent with the multiphonon capture mechanism where 

the charge capture is described as charge transfer in the Marcus inverted regime.38 If 

one accepts the picture where the traps are associated with charge transfer across the 

interface, 28-30 then the implication is that the low energy interface states of the 

PM6:Y6 have a longer lifetime than those of PTB7-Th:ITIC. Since the “only” 

difference between the two devices is the molecular structure of the active materials, 

it should be possible to use molecular design39 to enhance the low-energy, trap-like 

interface-state lifetime.  
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8.1. Abstract 
Organic-based solar cells (OSCs) have developed for the last three decades. Moving 

forward generally requires the assistance of useful models that are adapted to 

currently used materials and device architectures. The least understood part of the 

charge generation is the first step in exciton dissociation, and new or refined models 

are being suggested. However, many of today's questions have been asked before, 

going back almost an entire century. We went back to the 1930s and attempted to 

critically review significant contributions on equal footings. We find, for example, 

that Onsager's and Frenkel's models have a similar foundation but were developed to 

suit very different materials (ions in solutions versus electrons in semiconductors). 

The contribution by Braun or the Onsager-Braun model can be considered as wrong, 

yet it was instrumental for the field’s development. The community practically 

ignores one of the most promising models (Arkhipov-Baranovskii). Hot exciton 

dissociation has many faces due to "hot" being a relative term and / or the heat being 

stored in different ways (electronic, vibronic, …). Entropy considerations are 

instrumental in simplifying the picture, yet they add no physics compared to the full-

3D models.  We hope that by emphasizing the physical picture of the various models 

and the underlying assumptions, one could use them as a steppingstone. 

 

8.2. Introduction 
This review aims to describe contributions to the topic of charge-separation or 

exciton-dissociation starting from the giants of the 1900s1-3 and ending with the 2000s 

contributions. Our journey down history lane started after we published our 

contribution to the modeling4 and decided to gauge its significance. On a personal 

level, this journey taught us humility and that if we want to approach the standards of 

the past, we should start working on a revised version. This journey was not easy 

since some papers took many weeks to understand fully. Specifically, the seminal 

works by Onsager include some subtleties of the chemical-physics picture that were 

probably obvious at the time. Still, we had to retrack all the mathematical steps to 

realize them. Naturally, most of the information was contained within sentences like 

"by means of …. We can easily establish that …". Interestingly, after deciphering 

Onsager's work, we understood that today's most used expression, which was coined 



129 
 

Onsager-Braun5, is wrong from a strict mathematical or physical point of view. Yet, 

retrospectively, the importance of Braun’s contribution is undeniable.  

We also found that the current challenge of understanding why the 1938 contributions 

by Onsager2 or Frenkel3 do not fit relevant materials' systems is not new, and it is just 

that the meaning of "relevant" is a moving target. For example, the question of hot or 

cold exciton dissociation was addressed in 1979 by Noolandi and Hong.6 They were 

concerned with the differences between amorphous selenium, phthalocyanine, and 

anthracene. The issues of morphology and disorder were discussed by  Scher and 

Rackovsky7 and Bassler et al.8, 9. These studies were partly motivated by the 

popularity of molecularly doped polymers, the "ancestors" of heterojunction 

materials.  The debate regarding the field dependence of processes is a running theme, 

and this was the case for the electric field dependence of the mobility. The 1972 paper 

by Gill 10 is often considered a milestone where a wide range of donor:acceptor 

(PVK:TNF) compositions were characterized to yield a conclusive empirical law of 

𝜇 = 𝜇G𝑒𝑥𝑝S[𝐸G − 𝛽𝐸G.I]/𝑘*𝑇'JJW for both electrons and holes thus ending the debate 

between E and E0.5 dependence. It is seminal because it was one of the rare occasions 

that the author showed a perfect fit to a known model (Poole-Frenkel) and then stated 

that he doesn't know the origin of the E0.5 dependence because the physical picture of 

the materials does not fit the one employed to develop the model he used.3  

Throughout this review, we aim to provide as close to intuitive explanations. 

However, the nature of the works we try to cover and the fact we hope to reach an 

interdisciplinary audience implies that you might want to look at one of the classic 

textbooks11-14 or visit some of the previous reviews on the topic.15-18 This work has 

three main parts. In the first part (section 8.3), we examine the Onsager model and 

rephrase it using modern terminology. We use the original physical background to 

give the reader a deeper understanding of this model. We compare the Onsager model 

with other classic models such as the Poole-Frenkel model3 and gain some interesting 

insights. In the second part (section 8.4), we cover the first models that accounted for 

the discrete nature of amorphous molecular solids.7, 8 In the third (section 8.5), we 

present a relatively brief account of the modern modeling of organic-based bulk 

heterojunction (BHJ) solar cells. As we needed to keep the length of this paper finite, 

we left out many contributions, some of which may turn out to be the most useful in 

years to come. Our apologies to the respected authors. 
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8.3. Onsager & Frenkel models from the 1930s to 2000s  
Many theories and much of today's understanding of exciton or charge-pair 

dissociation have their roots in the papers published at the beginning of the 20th 

century. Two of them are by Lars Onsager and were published in 19341 (O34) and 

19382 (O38). The third was by Jacob Frenkel in 19383 (F38). The two papers by 

Onsager were concerned with the chemical-physics of ions, with the first (O34) 

dealing with the dissociation of a binary solute into two well-separated ("free") ions. 

The second (O38) deals with the dissociation of an ion-pair into two free ions where 

the motivation was to account for light-generated charged particles having an initial 

separation. Frenkel's paper (F38) was concerned with electron dissociation from a 

donor atom, with the motivation being the breakdown of insulators under a high 

electric field. Naturally, neither Onsager nor Frenkel considered the physical 

scenarios that evolved in later years, including efficient solar cells based on organic 

heterojunction devices. Over the years, many authors suggested extensions and/or 

modifications to better fit the "modern" problems. In the context of organic 

semiconductors, the extension of O34 by Charles Braun5 (B84) became the most 

popular. This model has been extensively used in OSC modeling under Onsager-

Braun theory19-23. Braun referred to photo-charge dissociation in doped polymers, 

which would be considered low dissociation-efficiency in today's perspective. Braun 

(B84) provided an ad-hoc correction to O34, which seems to violate the physical 

picture used by Onsager to derive his O34 result. O38 was used as a fundamental 

building block in other models24-26. With the above in mind, we describe the chemical 

physics or assumed experimental scenario employed in the seminal contributions of 

O34, O38, and F38. We will follow with a discussion of extensions to them, including 

that of B84. 

 

8.3.1. Onsager 1934 (O34) 
Onsager was a bright scientist who made many contributions and won the Nobel Prize 

in Chemistry for the reciprocity relations named after him. Some biographies mention 

that often his colleagues found it very hard to understand his work.27 The O34 paper1 

is no exception where some of the "trivial" steps in the mathematical evaluation 

remained elusive till today, making it hard to understand the complete physical 
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picture he was solving for. However, it turns out that Douglas McILROY published in 

1988 (M88)28 the first closed-form solution of the O34 equations. With the aid of 

M88, we are in a position to suggest a physical picture that is fully compatible with 

the mathematical evaluation presented in O34. If you are interested only in a quick 

snapshot of the physics, then Figure 61 might be all you need. If it is the rigorous 

mathematical explanation, then section 8.8.1 in the supplementary is your next stop. 

For the in-between, see below. 

 
Figure 61. (a) Illustration of the physical picture composed of a large number of nuclei – AB. These 

nuclei "emit" closely bound ion pairs- (A:B)p. These pairs diffuse, and their separation increases until 

the ions become free. (b) Illustration of the coulomb potential plus external bias that govern the motion 

of ions within the pair. (c) Illustration of the mathematical implementation of an infinite source of 

"nuclei" strongly coupled to an adjacent population of closely bound pairs placed at rà0. This strong 

coupling ensures that this population is in equilibrium with the "source" and that the diffusion out is a 

small perturbation that doesn't perturb the density at rà0. The pairs are defined by the separation(r) 

between the ions and the density, f(r), of pairs with distance 'r'. The evolution of r (ions' separation) is 

governed by drift-diffusion equations where the second boundary condition is that at rà∞ the ions are 

no longer coulombically bound (f=0) and hence are free. 

In O34 and more clearly in O38, Onsager states that the theory developed in O34 is 

for high fields. He reasons that in low electric fields, where the suggested mechanism 

is relatively weak, other effects may emerge as significant. In 2022 it is tempting to 

throw disorder4, 7, 29 as one such effect, but probably other processes were considered 

back then. It is also important to note that O34 is not dealing with optical excitation, 
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which would be the subject of O38. The O34 paper solves the effect of an external 

electric field on the electrolytic dissociation using the interionic (Coulomb) attraction 

theory. This description is illustrated in Figure 61a and Figure 61b. As Figure 61a 

shows, we consider many nuclei type AB as would be the NaCl salt when dropped 

into the solution. Some of these AB would spontaneously (i.e., due to thermal energy) 

separate into closely bound pairs, which we would denote as (A:B)p. As the 

generation of (A:B)p is considered a process driven by thermal equilibrium, we may 

draw an analogy to vapor pressure near a solid and accept that it is reasonable to 

assume that the density of (A:B)p is constant. To find how many pairs dissociated into 

free A+ and B-, we need to follow the reaction (𝐴: 𝐵)1 ⇆ 𝐴B + 𝐵<. O34 is mainly 

concerned with the effect of external electric field (E) on the dissociation probability 

or dissociation rate. Figure 61b shows that the problem is to be solved in 3D, with the 

only forces being due to the internal electric field (coulomb attraction) and the applied 

external field (bias). 

The above description can be cast into the equation format below. 

(8.1) 𝐸	[[[⃗ :-: = −𝛻[⃗ 𝜖'. = 𝐸𝑥_ − 7
KL8$8%%3

�̂� = 𝐸𝑥_ − &40
7

%5
%3
�̂� 

(8.2)  𝜖'.(𝑟, 𝜃) = −𝐸𝑟𝑐𝑜𝑠(𝜃) − 7
KL8$8%%

= −𝐸𝑟𝑐𝑜𝑠(𝜃) − &40
7

%5
%

 

Here ϵ'. is the electric potential and 𝐸:-:is the overall electric field. 𝐸𝑥_ denotes the 

external field, and − 7
KL8$8%%3

 is the attractive coulomb field. 𝑟  is the vector separating 

the ions, directed from the positive ion towards the negative ion, and 𝜃 is the angle 

between the external field (𝐸𝑥_) and �̂�. We also introduced 𝑟/ as the distance at which 

the Coulomb potential equals &40
7

. By considering only individual pairs, we assume 

that the pairs are non-interacting. In electrochemistry, non-interacting would refer to a 

dilute solution, and in semiconductor physics, it would correspond to a non-

degenerate semiconductor. The important implication is that we may use the 

Boltzmann statistics under this assumption. To solve the dissociation rate, Onsager 

opted to use the drift-diffusion equations and calculate the probability of the pair to 

climb the potential depicted in Figure 61b.  

In his picture, the ion pairs are classified by the separation (r) between the ions and 

their distribution function, f(r). Namely, we denote f(r) as the density of any possible 
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combination of A+ and B- pairs, or (A:B)p, that are distanced by r and use the drift-

diffusion equation to solve for their separation: 

(8.3)  MJ
M:
= −𝜇'JJ c𝛻S𝑓𝐸[⃗ :-:W −

&40
7
𝛻@𝑓e 

meff describes the ions' relative motion and is the sum of the individual mobilities. To 

solve the equation, one has also to define the boundary conditions, and for this, we 

need the assistance of M88.28 McIlroy's boundary conditions are: 

5 (𝐼) 𝑓(𝑟 ⟶ ∞) = 0
(𝐼𝐼) 𝑒𝑥𝑝(−𝑟//𝑟) ∙ 𝑓(𝑟 ⟶ 0) = 𝐴G

 

With the aid of these boundary conditions, we illustrate in Figure 61c the 

mathematical implementation of the physical problem. The first boundary condition is 

trivial as it states that if the distance between ions is extremely large, they are no 

longer bound. Hence, at infinity (infinite spacing), there are no bound pairs (f=0) but 

only free ions. The second condition is less trivial and is one of the "missing links" for 

fully reproducing Onsager's expression in O34. This condition is equivalent to stating 

that the pairs' density is fixed at a given small separation (𝑟%'/). In this case 𝑟%'/ would 

be the minimal distance of a pair or that for 𝑟 < 𝑟%'/ all (𝐴: 𝐵)1 recombine to AB, 

𝑖. 𝑒. , (𝐴: 𝐵)1 → 𝐴𝐵. This boundary condition allowed us to ascertain that the physical 

picture is of an infinite source at r=0 that fixes the density of pairs at r=0+ and we are 

interested in the flux (current) flowing outwards under the conditions of attracting 

potential centered at r=0 and an applied bias (see Figure 61).  

From a semiconductor device perspective, the above may remind us of an "infinitely" 

long semiconductor device characterized by a metallic ohmic contact where the metal 

is an infinite reservoir of electrons. The close interaction at the interface fixes the 

charge density at the semiconductor side of the interface.  Calculating the steady-state 

current, considering the image charge potential and the applied bias, would be 

equivalent to finding the rate of generating free ions. For the fixed charge density 

picture to hold, the applied field (or current) must not be too high such that the quasi-

equilibrium across the interface is maintained and the source is never depleted. As the 

picture is of non-interacting pairs, we restrict ourselves to low densities or cases of 

high barriers (Δϵ*) where 𝑓(0B) = 𝐴G𝑒𝑥𝑝 l−
NO6
&0
m is calculated using Boltzmann 

statistics.  
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After solving for the distribution function f(r) (see sections 8.8.1.1 and 8.8.1.2 in the 

supplementary), the final result of O34 is the ratio between the dissociation rate under 

the external field, rd(E), to the dissociation rate at zero field, rd(0) : 

(8.4) ; 

Here J1 is a Bessel function often approximated by a polynomial function. In his 

work, to fit experimental data, Onsager used  to derive 

a result linear in E: 

(8.5)  

In his paper, Onsager fits already published experimental data with not all showing 

the same resemblance, and in Figure 62 we reproduce his figure 4. There is no doubt 

that the suggested model captured the essence of ion dissociation. 

 

Figure 62. A fit of Onsager's model to the measured conductivity of picric acid in water. Reproduced 

from figure 4 in O34.1 

A complete account of the derivation can be found in section 8.8.1 in the 

supplementary. 
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8.3.2. Onsager 1938 (O38) 
In this work2 (O38), the physical picture seems similar to O34, but essentially it is 

very different from the one in O34. As before, if you are interested in a quick 

snapshot, then Table 7 and Figure 63 may be enough. A rigorous mathematical 

justification is found in section 8.8.2 in the supplementary. The in-between approach 

is below. 

Table 7. The main differences between O34 and O38 models 

 Onsager 1934 Onsager 1938 

Supply of pairs 

(A:B)p or f 

Equilibrium with AB 

nuclei  

Ionizing radiation 

Fixed density Fixed generation rate 

Boundary at 𝑟 → 0 
Fixed pair density, 

 𝑓(0B) = 𝑐𝑜𝑛𝑠𝑡 

Pairs that reach r=0 will never 

dissociate. �̅�#(0B) = 0 

Boundary at 𝑟 → ∞ 
All pairs dissociate 

 𝑓(𝑟 → ∞)=0 

All pairs dissociate 

 �̅�#(𝑟 → ∞) = 1 

Steady-state 

pairs' dissociation is 

balanced by recombination 

pairs' generation equals pairs' 

recombination plus 

dissociation 
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Figure 63. (a) Illustration of the physical picture where external radiation generates closely bound ion 

pairs, (A:B)p, at a rate much higher than the equilibrium process considered in O34. As these pairs 

diffuse, their separation might increase until the ions become free of each other or decrease until they 

recombine. (b) Illustration of the coulomb potential plus external bias that govern the motion of ions 

within the pair. (c) Illustration of the mathematical implementation of a ground-state strongly coupled 

to an adjacent population of closely bound pairs placed at rà0. A non-equilibrium process (red 

arrow) generates pairs with an initial separation of r0. This generation rate is high enough that the 

density of equilibrium pairs at r=0 is negligible, f(0)=0. The pairs are defined by the separation(r) 

between the ions, and the probability of finding a pair with distance 'r' is f(r). The evolution of r (ions' 

separation) is governed by drift-diffusion equations where at r=0, there is complete recombination, 

and at the second, rà∞, the ions are no longer coulombically bound (f=0) and hence are free. 

It is easy to be confused and consider O38 and O34 similar. In O38, the basic physics 

is similar to O34 with a "minor" change of adding an external source of charge-pairs 

that generates them with an initial distance of r0 (Figure 63). Onsager considered 

radiation-ionization by photons or particles (as in cosmic rays). Next, the ionization 

source is taken to be dominant, and the equilibrium density of pairs at the origin is 

assumed to be negligible. Since in O34, the equilibrium density at the origin, 𝑓(0B), 

was the source of pairs, this is the first indication (Table 7) that the physical picture to 

be solved is very different from O34.  

The ionization event is a charge-transfer (CT) process, and hence the result can be 

considered similar to the CT excitons generated in organics. The pairs' dynamics are 
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still represented by drift-diffusion, but they are now generated with initial finite 

separation. The motivation for initial separation is that excess excitation energy would 

translate into kinetic energy that will displace the electron from its hole. Unlike O34, 

the source is a generation rate at point 'r0' and not a fixed density at the origin. If one 

would be interested in following the O34 approach of solving for the pair distribution 

function, f(r), then the boundary conditions would have been:  

  5 (𝐼) 𝑓(𝑟 → ∞) = 0
(𝐼𝐼) 𝑓(𝑟 → 0) = 0  

The first condition is as in O34 (see above). The second condition now implies that 

the recombination reaction (𝐴: 𝐵)1 → 𝐴𝐵 at the origin is infinitely fast (zero lifetime) 

and is nonreversible. However, in O38, Onsager chose to solve for a different 

variable. He defined �̅�#(𝑟) as the dissociation efficiency for a bonded pair with a 

known separation . For the same physical picture, the relevant boundary conditions 

are: 

(8.6)  5 (𝐼) �̅�#(𝑟 → ∞) = 1
(𝐼𝐼) �̅�#(𝑟 → 0) = 0  

The choice of solving for the dissociation efficiency (h) is rather elegant. By doing so, 

one doesn't have to be concerned with the exact shape of the pairs' distribution (f), 

which may depend on the details of the source that generates the pairs. As mentioned 

above, the pairs (CTs) are not necessarily formed at the origin but, depending on the 

experimental scenario, could be created with any initial separation 𝑟G. The fate of such 

pairs is illustrated in Figure 63c. 

Another way to visualize the process of Figure 63c is shown in Figure 64 where, for 

simplicity, we employ 1D drawings. Figure 64(a) illustrates CT dissociation or .. 

dissociation of a pair generated with the initial separation of r0. The potential is again 

composed of the internal coulomb potential plus an external bias. At 𝑟 → ∞ we have 

only free charges, and at intermediate separations, we have the pairs, (𝐴: 𝐵)1.   

r!
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Figure 64. (a) Dissociation process, a CT (ion pair) with initial separation r0 may dissociate or decay. 

(b) The process is as in (a), but the recombination happens at a finite distance between the electron 

and the hole. 

In this work, Onsager formulated a direct equation for the dissociation efficiency, 

, as the probability of a pair with initial separation 𝑟G to dissociate. 

Onsager wrote in one sentence that one could show that  obeys:

 

Where  ϵ'. is the same as in the discussion of O34 (see above). This was shown only 

some 40 years later by Tachiya30 (78'), which provided the mathematical and physical 

justification (a discussion of Tachiya’s work can be found in section 8.8.2 in the 

supplementary). Next, Onsager states that solving the equation with the given 

boundary conditions is trivial since all the needed math had been done while finding 

the solution for O34. The proposed solution is: 

(8.7)  

Which can be shown to be equivalent to: 

(8.8)  

 

Note that in equation 8.8, we replaced r0 with r to emphasize that what the formula 

tells us is that if we know that a pair exists at distance r, its probability to 

( ), ,d r Eh q

dh
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subsequently dissociate is given by equation 8.8. Namely, it doesn't have to be the 

initial separation, and the result can also be understood as answering the question of 

"if a pair survived recombination and reached a separation r, what are its chances to 

be free given it has all the time in the world." The mathematical details of formulating 

the O38 solution based on the O34 solution are far from trivial, and we couldn't find 

any documentation of the complete procedure. For the benefit of the expert reader, we 

added our version of the derivation to section 8.8.2.1 in the supplementary. 

Interestingly, in both Onsager's works, the central equation that contains the physics 

of the model is dependent on μ/D, and as this ratio is considered constant, μ and D are 

washed away from those equations and replaced by kbT in both  and . 

Breaking this constant ratio using the Generalized Einstein relation,31 which is 

common for Organic materials, would introduce mobility and diffusion coefficient 

into both models (  and ). Both Onsager papers O34 and O38 refer to the 

medium dissociating the pair as isotropic. The dissociation in a single pristine layer, 

and there is no need, nor account, for any heterojunction to intermediate excitons and 

charge transfer states (CTs). 

8.3.3. Frenkel 1938 (F38) 
At the same time that Onsager suggested his theory, Yakov (Jacob) Frenkel published 

a theory to model the effect of an external electric field on ionization and breakdown 

This theory is  3conductors" (F38).-phenomena in "insulators and electronic semi

known as the Poole-Frenkel model. Frenkel considered a donor trap and evaluated the 

effect of an external electric field on releasing the electron and ionizing the donor (see 

Figure 65a). 

34Of , 38d Oh

34Of , 38d Oh
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Figure 65. (a) The physical picture of filled traps being ionized by a strong external electric field. (b) 

& (c) The potential involved with charge pair dissociation in (b) a 1D system and (c) a 3D system. (b) 

The orange dashed line is the constant field potential, the dashed green line is the Coulomb 

interaction, and the solid line is their sum. q𝜖B,0 is the binding energy for the zero assisting field case, 

q𝜖B,0-q∆𝜖 is the binding energy for a non-zero assisting field. (c) The red line follows the 1D potential 

on the 3D potential picture 

The paper is of one page where he sketches the electric potential as in Onsager's work 

(Coulomb + external field) reduced to a 1D problem in the direction of the external 

field, Figure 65b. As Frenkel considered a donor trap, he used the trap energy level as 

). For deep traps, this is B,0ϵq-the initial potential energy of the dissociating pair (

). In the absence of an external 0ation (rcharge separ equivalent to choosing an initial

. When an B,0ϵb), the binding energy is q65Figure electric field (green dashed line in 

external electric field is present (solid blue line in Figure 65b), the binding energy is 

, which maxx . The pair is considered free when its separation is larger thanϵ∆q-B,0ϵq

denotes the maximum potential point. Using the first derivative, one can find the 

:ϵand ∆q maxpotential’s maximum expressed in terms of x 

(8.9) 

⎩
⎪
⎨

⎪
⎧𝑥,$P = u

𝑘Q𝑇
𝑞
𝑟/
𝐸
= u

𝑞
4𝜋𝜀G𝜀%𝐸

𝑞∆𝜖 = 2{𝑞𝑘Q𝑇𝑟/ = u
𝑞R𝐸
𝜋𝜀G𝜀%
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Assuming quasi-equilibrium exists even under a non-zero external field, one may use 

eq 8.9 to find the ratio between free charges concentration (nfree) with and without an 

external electric field: 

He then considers that the density of free charges is directly related the conductivity 

and writes: 

 . 

This equality is equivalent to assuming that the density of pairs at r=r0 is fixed. 

Namely, the physical scenario is similar to O34, with two exceptions. First, the model 

here is 1D compared to O34 being 3D. Second, the dissociation is taken as a single 

jump across the potential maxima, whereas in O34 it is a multistep process involving 

drift and diffusion. From a semiconductor device perspective, one may say that 

Frenkel assumed that across a distance of ~xmax, the electron could be considered 

ballistic. 

8.3.3.1. 3D Poole-Frenkel 
Hartke expanded PF model to 3D32. He used the electric potential in Onsager's work 

above but in 3D (Figure 65c). The pair may dissociate through any path with a finite 

energy barrier. For instance, Frenkel's original work's only path, the θ=0 path, is 

marked by the arrow in Figure 65c. The total density of free charges is then a sum of 

all charges that dissociate through any possible path: 

𝑝(𝐸)
𝑝(𝐸 = 0) =

2𝜋 ∫ 𝑑𝜃 sin(𝜃) 	𝑛S!𝑒𝑥𝑝 �−
𝜖*,G − ∆𝜖
𝑘Q𝑇/𝑞

�L/@
G

2𝜋 ∫ 𝑑𝜃	sin(𝜃)	𝑛S!𝑒𝑥𝑝 �−
𝜖*,G
𝑘Q𝑇/𝑞

�L/@
G

 

Simplifying the above equations: 

𝑝(𝐸)
𝑝(𝐸 = 0) =

(𝑘Q𝑇/𝑞)@

∆𝜖(𝜃 = 0)@ �1 + 𝑒𝑥𝑝 �
∆𝜖(𝜃 = 0)
𝑘Q𝑇/𝑞

� �
∆𝜖(𝜃 = 0)
𝑘Q𝑇/𝑞

− 1�� 

(8.10) 
𝑛J%''(𝐸)

𝑛J%''(𝐸 = 0) =
𝑛:%$1𝑒𝑥𝑝 �−

𝜖*,G − ∆𝜖
𝑘Q𝑇/𝑞

�

𝑛:%$1𝑒𝑥𝑝 �−
𝜖*,G
𝑘Q𝑇/𝑞

�
= 𝑒𝑥𝑝 �

∆𝜖
𝑘Q𝑇/𝑞

� 

𝑞∆𝜖(𝜃) = u
𝑞R𝐸	cos	(𝜃)
𝜋𝜀G𝜀%

	 , 𝑟,$P = u
𝑞

4𝜋𝜀G𝜀%𝐸cos	(𝜃)
	; 	0 ≤ 𝜃 <

𝜋
2 
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And for the deep trap limit (∆𝜖(𝜃 = 0)"𝑘Q𝑇/𝑞): 

𝑝(𝐸)
𝑝(𝐸 = 0) =

𝑘Q𝑇/𝑞
∆𝜖(𝜃 = 0) 𝑒𝑥𝑝 �

∆𝜖(𝜃 = 0)
𝑘Q𝑇/𝑞

� �1 −
𝑘Q𝑇/𝑞

∆𝜖(𝜃 = 0)� 

In the original paper,32 the last equation looks a bit different because Hartke added to 

p(E) another contribution l2𝜋 ∫ 𝑑𝜃 sin(𝜃) 	𝑛S!𝑒𝑥𝑝 l−
V6,$
&40/7

mL
L/@ m that computes the 

dissociation at paths (angles) that are against the electric field and thus negligibly 

contribute to the overall dissociation. 

 

8.3.4. Late 1900s modifications of O38 to fit newer materials & 

structures 
In the 1970s, enough experiments have been accumulated, making it evident that 

while O38 captures the fundamental aspects of charge of exciton dissociation, it 

couldn't fully reproduce new data. As Onsager did not treat the details of the initial 

charge separation, that was the first place to look.  

8.3.4.1. Finite lifetime and recombination sphere 

Noolandi & Hong (78')33 solved a steady-state picture, while Sano & Tachiya34 (79') 

solved a time-domain one. Both provided a modified solution to the one presented in 

O38 by allowing for two effects. First, recombination occurs at finite non-zero 

separation. One may describe a recombination surface, typically a sphere having a 

radius rrec>0. Second, the recombination is not necessarily complete or infinitely fast 

but is determined by a finite lifetime. We found Sano & Tachiya34 easier to follow, 

and we discuss it in section 8.8.2 in the supplementary.  

 

8.3.5. Braun 1984 (B84) 
Charles L. Braun was one of the pioneers who tried to model dissociation in organic 

materials that contain donors and acceptors. His work5 (B84) is also known as the 

Onsager-Braun model (OB model). In his paper, Braun briefly reviewed previous 

work on organic materials, such as doped polyvinyl carbazole35, where the analysis 

using O38 predicts 2.5[nm] thermalization length. This initial separation contrasted 

with spectroscopic data that suggested a nearest neighbor separation of ~0.5nm. 
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Previous works (see section 8.3.4.1) opted to modify O38, but Braun rejected O38 

and opted to use O34. Since O34 dealt with a different physical picture, its use may 

seriously limit the validity range of Braun's work.  

 

Figure 66. (a) Schematic description of the physical picture by Braun. Light excitation generates 

nearest neighbor (NN) charge transfer (CT) exciton. This CT can either recombine (krec) to the ground 

state or dissociate (kd) into free charges. (b) Recap of the physical picture of O34 (Figure 61c). 

The physical picture considered by Braun (Figure 66a) is of light excitation 

generating nearest neighbor (NN) charge transfer (CT) exciton. This CT can either 

recombine (krec) to the ground state or dissociate (kd) into free charges. Thus, the 

dissociation efficiency (ηd) can be written as: 

 

After defining 𝑘%'/ =
=

W%)5
 , the main challenge is to find an expression for kd. Braun 

opted to rely on O34 and use Onsager's field-dependent dissociation rate (i.e., rd in 

equation 8.4 or 8.5 in section 8.3.17).  

As O34 is mainly concerned with the field dependence, i.e., with %+(Y)
%+(Y[G)

, the next step 

was to find an expression for 𝑟#(𝐸 = 0).  Examining O34's picture in Figure 66b, we 

can present his reasoning in the following way. First, the picture is of a steady state 

where the recombination of free charges balances the dissociation of the CT. Second, 

the recombination, being transport limited, follows the Langevin recombination rate 

𝑅6 =
7

8%8$
(𝜇' + 𝜇))𝑛𝑝. Third, at equilibrium (i.e., E=0), the density of charges 

relative to that of the CTs is determined by the CT binding energy: 

 ∅* = 2𝐸$ =
7

KL8$8%%6
.  
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Where 𝑞∅* and 𝑞𝐸$ are the binding and activation energies, respectively. The above 

arguments lead to: 

(8.11) 𝑘#(0) =
7

8%8$
(𝜇' + 𝜇)) ∙ 𝐴 ∙ 𝑒𝑥𝑝 l−

∅6
&40/7

m 

And the final expression is: 

(8.12) 𝑘# =
7

8%8$
(𝜇' + 𝜇)) ∙ 𝐴 ∙ 𝑒𝑥𝑝 l−

∅6
&40/7

m %+89:(Y)
%+89:(Y[G)

 

Equation 8.12 is extensively used in organic electronics (current authors included) 

because of its simplicity and the fact that it seems to capture a significant part of the 

experimental picture (or data). Its simplicity is primarily owed to the linearized 

expressions for 𝑟#]RK, as presented in O34.1 Nevertheless, one must acknowledge that 

using O34 to solve the picture of O38 makes the derivation neither physically nor 

mathematically rigorous. This statement could praise Braun's ability to produce a 

good enough expression. Alternatively, one could take the position that his work is 

simply wrong.  

For example, in Figure 66b, we reproduce the physical picture used in O34, and we 

note that the CTs have a fixed density in this picture. Using a solution developed for a 

fixed density to evaluate the reduction in that (fixed) density is, strictly speaking, just 

wrong. Alternatively, Braun's work can be a good approximation only at low 

dissociation efficiencies. Indeed Wojcik and Tachiya36 (09') compared Braun's work 

to the extended O38 model (as in section 8.3.4.1) and found that B84 is a good 

approximation only at electric fields below 105[V/cm]. Interestingly, Onsager 

suggested that at low electric fields (below 104[V/cm]), his model might not capture 

all the chemical-physics involved with the dissociation process. 

The more severe issue is to do with modern organic PV materials. The dissociation 

efficiencies surpassed 10% more than a decade ago and are approaching 100%, thus 

making the B84 theory questionable.29, 37, 38 Another aspect that arises from today's 

materials is the molecular spacing being ~1nm and the dissociation taking place 

within ~10nm,4 thus calling for the use of discrete models.7, 39 

8.3.6. Exciton Thermalization Length Vs. Internal Cooling 
The issue of exciton thermalization versus internal cooling is somewhat outsider to 

the topics discussed in this section. We decided to include it since the issue of hot and 
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cold CT dissociation is debated today, plus the work falls under the class of 

extensions to Onsagers models. In their introduction,25 Noolandi and Hong state that 

their work was motivated by the puzzle that in materials like amorphous selenium, the 

Onsager model, where the excess energy is directly translated to thermalization 

length, fits well (Figure 67a & d). However, in some organic materials, like 

phthalocyanine, the dissociation is only from relaxed ("cold") excitons (Figure 67b & 

e). In anthracene, on the other hand, there seems to be a mix of the two phenomena 

(Figure 67c & f). Considering their work, we find that the notion of hot or cold 

exciton dissociation being different between materials and dependent on experimental 

conditions is missing in current discussions.  

 
Figure 67. (a), (b), (c) Exciton dissociation processes discussed by Noolandi and Hong. 25  (d), (e), (f) 

The same exciton dissociation processes but on the energy diagram 

Their paper suggests that, when the physical picture consists of both relaxation and 

transport, the proper model should be based on the Fokker–Planck equation. In 

semiconductor physics, where the charge energy can be defined by its temperature, 

this is the energy balance equation.40 The mathematical path they took was different 

and seems to have been the most general solution for O38 with partial recombination 

condition at reaction sphere of radius rrec. Unfortunately, they state that there was not 

enough experimental data to properly verify the contribution of their model and 

showed only minimal output of their model. 

8.3.7. Behind the scenes of Onsager's and Frenkel's models 
Our discussion of the models was primarily intended to describe the physical picture 

each model was developed for. However, there are many layers and subtleties that are 
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difficult to convey. We feel it could be instructive to go back to the 1930s papers and 

compare them. The physical pictures of O34 and O38 are different, and the one of 

F38 resembles that of O34 but is not identical to it. Namely, direct comparison is 

impossible, and the literature mainly deals with "which model better describes the 

experimental data"? Some of the earlier examples are from when amorphous selenium 

was a hot topic (70's). 24, 41 However, comparing F38 and Onsager models is essential 

to achieve a deeper understanding of both models and their fundamental differences. 

In the following, our goal is to compare O38 with F38 and to do so, we must first 

place them on equal footing. Namely, we will apply "corrections" or modifications to 

both so as to bring them to the same physical picture. Note that the "corrections" 

themselves carry part of the information regarding the differences between the 

models. 

8.3.7.1. 1D version of O38 

One of the differences between O38 and F38 is that O38 solves a 3D problem while 

F38 uses a 1D picture. We have presented a 3D version of F38, but the comparison 

would be more intuitive if we used a 1D version of O38. Many works have been done 

using the 1D Onsager model42-45. Blossey42 (73') and Baessler46, for instance, 

investigated metal-semiconductor contact of a 1D device. In this scenario, there is a 

constant external field and a Coulomb interaction of the injected charge with its 

mirror charge.  

The relevant 1D version of O38 is shown in the equation below. Since we couldn't 

find a rigorous account for the validity of this equation, we added to the 

supplementary (8.8.2.3.1) our mathematical justification of it. 

(8.13)  𝜂#,]R^,=_(𝑥G, 𝐸) =
∫ 'P1a

;)&(=,>)
-4*/A

b#P=$
$

∫ 'P1a
;)&(=,>)
-4*/A

b#PB
$

 

8.3.7.2. Add recombination to F38 

F38 discusses a donor trap level, and the definition of the trap’s energy (𝑞𝜖*) can be 

equivalent to the definition of initial charge-separation (x0) discussed in O38. To 

allow direct comparison, we use the electric potential and define 𝜖* as the potential at 

x0: 

𝜖* = −𝜖'.(𝑟 = 𝑥G, 𝜃 = 0) = 𝐸𝑥G +
𝑞

4𝜋𝜀G𝜀%𝑥G
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The recombination or the sink at the origin is still missing in F38, relative to O38 

(x=0). Aided by Figure 68a, we may say that F38 tells us that jumping out (to x0) 

would cost energy. Assuming an attempt frequency of 𝜈G, the forward-going rate (F in 

Figure 68a) is 𝐹 = 𝜈G𝑒𝑥𝑝 l−
V6,$<∆O
&40/7

m. To calculate the backward rate (B), we rely on 

the detailed balance that requires: 47 

(8.14) 𝑅+d 𝑒𝑥𝑝 l
VC

&40/7
m = 𝑅d+ 𝑒𝑥𝑝 l

V!
&40/7

m 

Where Rij is the rate of going from point 'i' to point 'j' and j is the energy at the 

relevant position (or site), hence, if the upward jumps are described by a Boltzmann 

factor (as for F), then the backward jump would be with unity probability or 𝐵 = 𝜈G. 

The above discussion is also the basis for the rate often attributed to Miller and 

Abrahams.48  

 
Figure 68. Schematics of the 1D corrected PF model. The inset illustrates the notion of change in x0. 

With 'F' and 'B' defined, we can write the dissociation probability for the 1D PF model 

as: 

(8.15)   �̅�#,;R^,(𝑥G, 𝐸) =
;

;B*
=

'P1e<
;6,$(=$,>)1∆;(>)

-4*/A
f

'P1e<
;6,$(=$,>)1∆;(>)

-4*/A
fB=
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8.3.7.3. Direct comparison of O381D and F38m 

With equations 8.13 and 8.15, we can now compare Onsager's (O38) and Frenkel’s 

(F38) approaches through their modified versions, 𝜂#,]R^,=_ and �̅�#,;R^,. In Figure 

69, we plot the dissociation efficiency as a function of the initial charge separation 

(x0). The F38m model (eq. 8.15) assumes only two relevant sites. One is at the origin 

(recombination), and the other is at the potential's maximum (dissociation). Hence x0 

is valid only in the range 0 < x0 < xmax and the result is shown in the cyan line. We 

used a field close to what one would find in short circuit conditions of standard cells 

(~1V/100nm) and a dielectric constant of e=3.5. In Onsager's model, the charges are 

fully dissociated at a much larger distance (∞), and hence the O381D line is valid for 

the full range in Figure 69 (orange line).  

 
Figure 69. Charge pairs' dissociation efficiency as a function of the initial charge separation 

calculated using the models (orange line) and �̅�E,FGHI (cyan line) for ε=3.5 and 

E=105[V/cm]. The inset shows the results on log Y scale. 

Examining the cyan and orange lines reveals no correlation between the 1D version of 

O38 and the modified F38 (F38m). The inset to Figure 69a shows orders of magnitude 

difference between the two at the separation distances relevant to modern organic 

devices (1-3nm). 

To understand the physical origin of the differences between F38 and O38, we will 

use the formalism developed by Rubel,39 which we redevelop in section 8.8.3 in the 

supplementary. We first generalize the expression of the forward jump to account for 

the hops beyond the potential maximum being downhill: 

  𝐹d = 𝜈G𝑒𝑥𝑝 l
VCJK<VCBgVCJK<VCg

@&40
m 

And thus, the dissociation from site 'i' is: 39 

, 38,1d O Dh
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(8.16)   𝜂(𝑖) = 1 −
∑ K

LC
'P1e

;C1;K
-4*

f"1K
CM!

∑ K
LC
'P1e

;C1;K
-4*

f"1K
CMK

 

Here 'i' is the site from which the dissociation is calculated, and n is the total number 

of sites in the system. Equation 8.16 was developed under the general premise of O38, 

and specifically the notion that at infinity η=1. Since the sum in equation 8.16 is 

finite, this implies that 𝜂(𝑛) = 1. Note that, for x<xmax, using i=2 and n=3, equation 

8.16 reduces to equation 8.15. 

 
Figure 70. Calculation of the pair (exciton) dissociation efficiency as a function of the electron-hole 

separation. (a) Using the F38 approach that reaching the potential maximum requires a single jump. 

The various lines are for different distances at which the charges are removed from the pair population 

(i.e., become free or absorbed by a "contact" layer). (b) Assuming a discrete system where charges hop 

from site to site and become free only at a very long distance (200nm in this calculation). The different 

colors are for varying inter-site distances. The inset shows the prediction on a semiology scale for the 

relevant short range. The cyan line is the F38m line of (a). 

In Figure 70a, we use the F38 approach (Figure 68), which includes the assumption 

that a charge within the potential well (x<xmax) can jump outwards directly to the top 

of the potential (xmax) or inwards directly to the origin (i.e., recombine). The cyan line 

in Figure 70a is plotted assuming that the charges are free beyond the potential peak 

(xmax). This assumption implies that in equation 8.16 we used n=3, and the result is 

identical to the F38m. The pink line is for the case where we assume that for the 

charges to be free, there need to be two more jumps, and the green line is for the case 

that they become free only at x=4xmax. The figure demonstrates that the distance at 

which the charges become free is crucial. This demonstration is the first apparent 

difference between F38 and O38. Wherein F38 charges become free at x=xmax and in 
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O38 at x=∞, which is ~100nm at low fields. The physical distance at which this 

happens would depend on the experimental scenario and would be affected by the size 

of the sample (as in the distance to contacts) or by structural parameters that modify 

the energy landscape (junctions, disorder, etc.). 

In Figure 70b, we examine the discrete versus continuous model issue. First, we 

ensure that 'n' in equation 8.16 corresponds to x=10xmax, which satisfies 𝑥 → ∞. 

Second, we look at the effect of sampling the potential at specific points only. The 

green squares are computed for sites spaced by xmax (~20nm). The pink circles and 

blue diamonds are calculated for 5nm and 1nm spacing, respectively. For reference, 

we added in orange the result of Onsager's O381D, which is continuous. On the scale 

of the main figure, we find that once one ensures that the charges would become free 

at 𝑥 → ∞ the data almost overlap the line describing O381D, and the differences are 

minor. However, the relevant scale is often a few nm close to the origin. The inset to 

Figure 70b zooms on the first few nm, with the Y-axis being on a log scale. For 

reference, we added in cyan the results of the F38m. Suppose our system is 

characterized by molecular site spacing of 1nm (i.e., the blue diamonds). In that case, 

of 1nm initial spacing, Onsager's model underestimates the dissociation by a factor of 

20, and Frenkel's model overestimates it by a factor of 40. 

8.3.7.4. Onsager 38 and Poole-Frenkel comparison - conclusions  

Comparing the two approaches, we found they consider the same binding 

(dissociation) potential, and that quasi-equilibrium prevails (detailed balance holds). 

We found two main differences between the two. The first is that in Frenkel's picture, 

once a charge crosses the top of the potential it will never return, while in Onsager's 

model, there is always a finite probability of back-diffusion. The second is Frenkel's 

picture, consisting of only the initial state (x0) and the top of the potential (xmax). In 

contrast, Onsager uses a continuum of states which is a natural outcome of the use of 

drift-diffusion equations. We find these differences to be due to the different physical 

pictures or experimental scenarios dealt with by the two. Frenkel's picture is of 

ballistic or coherent transport in doped semiconductors, while Onsager's picture is 

incoherent (low mobility) transport in molecular materials. 

Frenkel's approach under-samples the molecular spacing while Onsager's over-sample 

it in today's molecular materials. This realization leads us to conclude that the binding 



151 
 

energy S𝜑*,G − ∆𝜑W is not enough to determine the dissociation efficiency or that the 

binding energy cannot be used to (accurately) represent or compare the dissociation 

efficiency. For the best representation of the actual sample, one must also account for 

the entire dissociation process.  

8.4. Discrete models 
Although O38, with the improvements, is the best option among the models we 

already reviewed, none enabled the study of a non-isotropic or disordered medium. In 

a series of papers starting in 1980, Bässler and coworkers7, 49, 50 and Scher and 

Rackovsky8, 29, 51 argued that the molecular nature of organic semiconductors requires 

a discrete model approach to describe the exciton dissociation (charge separation) 

process adequately. 

8.4.1. Bässler et al. 1983-1995 - Gaussian disorder 
In a series of papers, Bässler and coworkers introduced various aspects of the physical 

picture relevant to molecular (organic) solids. The first that we found relevant is the 

1983 contribution that was concerned with introducing discrete lattices and examining 

anisotropy8, and in 1984 electronic disorder was introduced.51 In Figure 71a, we 

reproduce the data from ref 8, showing the effect of the sample being discrete. The 

larger the spatial extent of each hop, the higher the effect. The lattice spacing 

considered is between 0.5nm and 2nm, implying that the escape is still a multistep 

process even at the upper limit. The authors state that this is why the F38 (single-

jump) model is inappropriate for amorphous solids. 8 Our analysis in Figure 68b 

shows that this inappropriateness is more pronounced for shorter initial charge-

separation, r0 (or x0 in Figure 68b). 
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Figure 71. (a) The ratio of dissociation efficiency (h) between the computed discrete model and the 

continuum analytic model as a function of the lattice constant (E=0, ε=3.55, T=300K r0=40Å).Data 

taken from ref 8 (b) Schematic description of the physical picture simulated by Albrecht.29 (c) 

Dependence of h on r0 (σ = 0.1 eV, ε = 3.55, E = 107 Vm-1, T = 350 K). The dash-dotted line is the 

prediction of the three-dimensional Onsager theory for the above parameter set. (d) The effect of 

disorder parameter (σ) on the dissociation efficiency (h).  T=250K and r0=2.4nm. The data point for 

σ=0 is the theoretical value obtained from Onsager's theory. Data were taken from ref 29 

The paper that discussed disorder in the context of conjugated polymers was by 

Albrecht in 1995, 29 and Figure 71b illustrates the physical picture they considered. 

The illustration is of a gaussian distribution of discrete states. A static charge is placed 

in the middle of the sample, and the opposite charge is excited (placed) at a distance 

of r0. The simulation captures the effect that energy (𝜖) relaxation within the Gaussian 

DOS involves transport in space. This coupling implies that the effective r0 (r0eff) 

could be much larger (r0eff > r0), resulting in enhanced dissociation efficiency. Figure 

71c compares the dissociation efficiency for a disorder parameter σ=0.1eV and 
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Onsager's model (O38) as a function of the initial charge separation. Note that nearest 

neighbor CT excitons would be at the right edge of the figure.  

Figure 71d shows the dissociation efficiency as a function of the disorder parameter s. 

Note that the dissociation grows significantly with the disorder parameter. An analytic 

version (~ 1D) was later (2010) published by Bässler and Emelianova.52 For some of 

the current NFA-based solar cells exhibit a junction disorder parameter of 90meV,4 

which in Figure 71d translates to a factor of 5 increase of the dissociation efficiency. 

A factor of 5 may seem small, but this multiplies the effects of other processes (see 

section 8.5). In the context of transport, there is also a significant body of work 

considering the fact that the molecules do not reside on an ordered lattice and that 

relative to the ordered lattice, there is spatial disorder ("off-diagonal", Σ).53 In later 

years, the polymer's morphology was included to enhance the transport picture.54 

However, there is significantly less in the context of exciton dissociation.39 

 

8.4.2. Scher and Rackovsky 1984 (SR84) 
One of the first discrete models for charge dissociation was suggested by Scher and 

Rackovsky7 (S84). The basic physical picture is like that of Noolandi and Hong.25 

Still, the numerical nature of the implementation allowed to include many more 

materials and morphology details and follow the energy evolution of the charges in 

time and space. The model is very versatile, and one can add traps, disorder, 

geometry, etc. It follows the motion of one charge only while the other is taken to be 

fixed in position.  
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Figure 72. Illustration of the physical picture employed by the Scher-Rackovsky discrete model.7 

An approximate illustration of the physical model is shown in Figure 72. In the most 

general case, each site has N energy levels. An exciton (hole and electron on the same 

site) may turn into a CT by transferring the mobile charge to a different site 

(exmàim'). Upper-index m is the energy level of the exciton where m=0 is the ground 

state, m' is the energy level of the initial CT, and m’=1 is the first excited state. The 

CT may continue to dissociate by transferring the charge between sites (not 

necessarily NN sites, imàjm' – site 'i' to site 'j', i≠j) or turn back to exciton (im' àexm). 

The charge can gain or lose energy on a site (imàim' and exmàexm'). The exciton may 

decay to the ground state (exmàex0).  

The solution is based on a continuous-time random walk which is solved using 

uniquely developed green functions.7, 49, 50 In the model's solution, one looks for the 

possible decay event (recombination) to the ground state (ex0). This recombination 

could happen at any time and is dependent on the charge returning to the origin. Thus, 

the probability (𝜍)̅ that, given a time 't', such a recombination will take place is: 

And the steady-state dissociation efficiency is: 
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Figure 73. Dissociation efficiency as a function of the electric field. (a) For an exciton placed on either 

face-centered cubic (FCC) or simple cubic (SC) lattice. Data from 49. (b) Effect of the exciton's 

normalized recombination rate (Rec) on the dissociation efficiency. Data from 50. 

The SR84 paper7 was followed by a series of publications showing various aspects of 

the exciton dissociation process. In Figure 73a, we reproduce results49 comparing two 

different lattice structures, the face-centered cubic (FCC) or the simple cubic (SC) 

lattice. Besides the different structures (i.e., morphology), the main difference is the 

number of nearest neighbors. There are 12 nearest neighbors or 12 paths to escape 

recombination on the FCC, while on the SC there are only 6. In today's literature, we 

would say that the entropy gain is more significant on the FCC lattice compared to the 

SC one. Figure 73b shows the effect of the normalized recombination rate of the 

exciton. It shows the importance of the exciton lifetime in determining the 

dissociation efficiency and its dependence on the electric field. 

8.5. The 2000s 
The main differences or the new modeling emphasis to be noted starting at ~2000 are 

associated with the emergence of bulk-heterojunction organic semiconductors as 

promising solar cell materials. With the pristine materials relatively well understood, 

attention moved to the details of the donor-acceptor interface or "the junction." This 

attention to details implies that the soft nature and the related molecular vibrations are 

also revisited. Figure 74 shows a schematic representation of a donor-acceptor blend 

forming a fine phase separation to create the bulk heterojunction (BHJ) structure. The 

molecular nature (see schematic zoom in Figure 74) suggests that the "size" of the 

junction is 1-2nm. While this is very small, the phase separation is only a factor of 10 
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larger. This scaling results in the interface phenomena and those of the pristine 

materials being closely coupled. In other words, new models must relate or couple to 

the established "older" models. It seems that the high dissociation efficiency reported 

lately is not going to be accounted for by a single mechanism but rather through a 

combination of the "old" mechanisms with a few of the "new" ones. The improvement 

in the fundamental properties is not to be ignored either. Such are higher dielectric 

constant55, enhanced delocalization,56 longer recombination lifetime,57 higher 

mobilities,58 and better-controlled device structures.59, 60  

 
Figure 74. mesoscopic view of an active layer of BHJ device with the white square indicating a ~10nm 

scale. The zoom-out is a schematic representation of the discrete molecular nature of the interface. 

Naturally, when details of the interface (junction) become significant, the list of 

potential effects and plausible models increases dramatically, making it hard to define 

representative cases. Moreover, the materials' system recently went through a 

quantum leap with non-fullerene acceptors introduced and cells' power efficiency 

values approaching 20% for single-junction cells. This short timeframe limits our 

ability to choose between models by looking for the best match to experimental data. 

Hence, the following will be only a short list, and we would aim to choose so that 

they would be as different as possible. We are fully aware that we may miss a model 

that, in years to come, would turn out to be the most useful. 

8.5.1. The coulomb binding as a confining potential, Arkhipov 

2003 
In 2003 Arkhipov, Heremans, and Bässler suggested a qualitative model61 (A03) for 

charge dissociation based on a physical picture (a mechanism) that has no parallel in 

the 1900s models. This unique feature by itself makes it noteworthy. In this paper, 
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Arkhipov combined two observations. The first is that the Coulomb attraction may 

form a quantum well. There must be charge delocalization for a potential well to 

define the confined (quantum) level. The delocalization he studied was the one found 

on a polymer chain (i.e., the conjugation length). The second observation was the 

often-reported charge transfer at the ground state between donor and acceptor 

molecules (i.e., interface dipole). He found that these dipoles alter the potential 

landscape of the escaping charge to the point that it may efficiently dissociate even in 

the absence of a built-in or external electric field. 

Figure 75a shows the concept of a dipole at the organic-organic interface as a ground 

state charge transfer driven by the difference in the charge neutrality level (CNL).62 

The CNLs can be understood as the molecule's "effective" Fermi level. Figure 75b 

shows the physical picture considered in A03.61 The material system is a polymer 

donor-fullerene acceptor heterojunction. The fullerene side is assumed to be 

amorphous such that the electron states are localized to a single fullerene molecule. 

The donor polymer is considered to lie parallel to the interface where, in the absence 

of Coulomb potentials, the holes' states are extended along the conjugation. He took 

the only mobile charge to be the bounded hole on the polymer side (cyan '+') that may 

move across the chain or hop from chain to chain away from the interface. In Figure 

75a, the yellow ellipse is the light-generated CT where the hole (cyan '+') may be 

transferred to the next chain. The interfacial dipoles (gray ellipses) are the partial 

charge transfers. Each of these charges is α (between 0 to 1) of a full charge. 

Arkhipov considered a 2D model with the geometrical parameters'  a', 'b', and 'c' as 

they appear in Figure 75b, but it can be altered easily to a 3D model with different 

geometry. 
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Figure 75. (a) Illustration showing that the difference between the charge neutrality levels of donor 

and acceptor would cause partial charge transfer at the ground state (i.e., dipole). (b)Description of 

the physical picture of Arkhipov's model, showing the relevant structural parameters: a, b, and c. The 

black '+' and '-' symbolize the ground state dipoles, and the blue ones are the light-generated CT 

exciton. (c)-(e) Calculated coulomb potential for partial charge transfer of 0.0e (c), 0.1e (d), and 0.4e 

(e). We used a=b=c=0.5nm and εr=3.5. The lines are for the four closest chains. On (c) & (e), we 

schematically superimposed a ground state on the first two chains to illustrate the notion of reduced 

binding and spontaneous dissociation. 

For the case of no interface dipoles, Figure 75c shows the coulomb potential induced 

by a single electron on the acceptor side, as calculated for four consecutive chains. 

Note the confinement being the strongest at the chain nearest to the interface. If we 

superimpose the first confined levels to the first two chains, then the energy difference 

between the levels would be smaller than the difference between the potentials' 

minimum. Namely, the quantum confinement reduced the CT exciton's binding 

energy. In Figure 75d and Figure 75e, we introduced partial charge transfer at the 

ground state with α=0.1 and α=0.4, respectively. The tight confinement induced by 

the interface dipoles is striking. The paper shows that if the hole's effective mass is 

below 0.2 of the free electron's S𝑚'JJ < 0.2𝑚'W, then the confined levels of the first 

and second chain would swap positions (see levels superimposed on Figure 75e). 

With such levels ordering, the CT exciton will efficiently dissociate without any 

contribution from the built-in or external field. In the paper,61 they show that it is 

enough to consider the two nearest dipoles. By approximating the potentials as 

harmonic, they derive an analytic expression for the first levels (i.e., the zero-point 

oscillations). Although A0361 was motivated by vacuum level shifts observed for 
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fullerene acceptors,63 similar shifts are reported for non-fullerene acceptors.64 This 

should not be surprising due to the generality of ground-state charge transfer being 

driven by the difference in the charge neutrality level (CNL).62  

8.5.1.1. Quantitative model, Baranovskii 2012 

In 2008, 39 Baranovskii et al. developed a self-consistent discrete model for exciton 

dissociation, which is a modern 1D extension of the Onsager 1938 model (see section 

8.8.3 in supplementary). Later,38, 65 they incorporated Arkhipov's idea to form a self-

consistent quantitative model for CT-exciton dissociation in the presence of the 

coulomb well. This model examined both the case of localized dipoles (as in the 

fullerenes above) and smeared ones (as in polymer:polymer junction). Moreover, they 

studied the effect of electric field and thus proved the effectiveness of the coulomb 

confinement on exciton dissociation. Results of this Arkhipov-Baranovskii model38 

are shown in Figure 76. Figure 76a shows the effect of the dipole strength, which 

directly affects the width of the coulomb well. Figure 76b shows the impact of the 

effective mass. In short, the thinner the well and/or the lower the effective mass, the 

higher the first confined level. Recently, this model was directly compared to 

experimental results.66 The agreement between experiment and theory suggests that 

this model is not receiving sufficient attention from the community.  

 
Figure 76. Dissociation probability of electron-hole pairs as a function of the electric field. (a) The 

dipoles are discrete, and the curves are for different fractions of charge transfer (dipole strength). 

meff=me. (b) The dipoles form a continuous layer of dark dipoles, and the curves are for different hole 

effective masses (meff). α=0.1. In both (a) and (b), the purple (ref) line is for an interface with no 

dipoles and 𝑚NOO = ∞. The data was taken from reference 38. 
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8.5.2. Hot and/or cold dissociation 
Although not explicitly mentioned, we have already discussed dissociation from a hot 

state. The notion of initial pair separation (r0 in section 8.3.2) introduced by Onsager2 

was to account for the excess energy delivered by the excitation source. Noolandi and 

Hong25 work discussed in section 8.3.6 is another indication that this issue is not new. 

The only thing we may be able to add is the realization that in amorphous molecular 

solids, it may not be commonly agreed what form this excess energy might take or 

relative to which state this extra energy is being measured.   

 
Figure 77. Illustration of different ways for excitation to be "hot." (a) The molecular equivalent to 

Onsager's picture, where photon energy exceeding the "bandgap" (S1) will create a hot exciton. S1,2,3 

are the exciton's excited state energies. (b) The soft nature of the molecule creates the spring-like 

potential energy associated with the molecule's configuration, where the molecular vibrations form 

discrete levels. (c) The disordered nature of amorphous semiconductors is described as a Gaussian 

density of states. ET is the transport energy, EF is the Fermi energy, and Eeq is the energy position of 

the electron at the low-density limit. (d) Illustration of a heterojunction where a transfer from exciton 

to charge-transfer (CT) exciton could result in a hot CT. 

Figure 77 describes various ways for the excitation to be considered hot. Figure 77a 

represents the exciton's excited state energies, with the first excited state being S1. If 

the exciton is at a higher excited state (S2, S3,…), it has extra energy relative to S1 and 

is considered hot. This representation is the molecular equivalent to excitation using 

photon energy well above the bandgap. Figure 77b reminds us of the soft nature of the 

molecules where the molecule's potential is mimicked by that of a spring that can 

contract or expand (i.e., change its configuration). Superimposed on the potential are 

discrete levels, which are the molecular vibrations. The first thing to take from this 

illustration is that there are vibronic levels, and even within the low excited state, the 

excitation could be hot (as in S or CT vibronic level 2).67 The second thing to take is 
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that the vibrations (phonons) are largely intramolecular. When an electronic excitation 

relaxes, it is typically done through phonon emission or, as in the current case, the 

population of molecular vibrations. Namely, the molecule itself could be hot 

compared to the surrounding molecules.68 The third illustration in Figure 77c is of a 

disordered semiconductor with localized (discrete) states distributed in energy in the 

form of a Gaussian. Namely, the excitation (electron) may be fully relaxed on the 

molecule and the molecule at the same temperature as the film. Still, its energy may 

be relatively high within the film's density of states. The unique feature of localized 

states is that relaxation within the density of states involves considerable motion 

(hopping) in space.29, 69  

Lastly, Figure 77d shows that in the heterojunction context, even a generation of a 

cold exciton by photon energy at the absorption edge could form a hot charge-transfer 

(CT) exciton. We note a fundamental difference between Figure 77a,b and Figure 

77c. The localized nature of amorphous organic semiconductors suggests that an 

excitation considered hot according to Figure 77a or Figure 77b would remain hot 

mainly in the first jump. For the aspect discussed in Figure 77c, the escaping charge 

may remain hot (relative to the Gaussian DOS) all the way to the contacts.70 The 

aspect ratio of modern devices (100nm thick films) translates the energy disorder to a 

spatial inhomogeneity of the transport where the fast-paths assume the role of hot-

paths. 71 

There is no doubt that most of the generated excitations are HOT under solar 

illumination, which extends to the UV part of the spectrum. Also, there shouldn't be 

any doubt that part of the charge generation occurs directly from the hot excitations 

before they cool down (see section 8.3.6). There is a debate concerning the hot 

excitation's relative contribution, which we won't cover. We will only note that some 

of the discussion has to do with the several options to define "hot", as we discussed 

above (Figure 77).  

8.5.3. Entropy considerations 
Entropy has profound importance in chemical-physics and engineering as it helps us 

better describe and understand complex systems having many degrees of freedom. In 

this context, the energy we have used in all the above models is the internal energy (U 

or 𝜖) which is only one component of the Gibbs free energy, with the other being the 
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temperature (T) multiplied by entropy (S), i.e., G=U-TS. However, it is essential to 

note that some models implicitly included the entropy effect. For example, in section 

8.4.2 and Figure 73a, we discussed the work by Scher and Rackovsky, who 

considered the impact of the amount of nearest neighbours (NN) by comparing FCC 

Carlo simulations (see Bässler et al. in -Also, 3D Monte 49(12NN) and SC (6NN).

section 8.4.1) have the effect of an increasing number of sampled states built into 

them.  

In the context of modern OPVs, the fact that the differences between models can be 

A year later,  17understood using entropy was pointed out by Clarke and Durrant.

Gregg's work dealt with  72ropy was used to analyze charge separation by Gregg.ent

the importance of dimensionality in deducing the effective barrier to exciton 

dissociation. Another way to convey the message of Gregg's paper is that if you are 

going to use a 1D model to describe a 3D system, the least you can do is introduce 

entropy. In other words, the entropy is an averaged parameter of the macrosystem. It 

is needed when a detailed description of all microstates in the system is impossible. 

The entropy does not contain all the dynamic information of the physical system. 

Instead, it is only an effective method to describe large systems in a way that makes it 

possible to learn some properties of the system.  

Typically, realizing the importance of entropy shows us that using 1D instead of a 3D 

model could make us lose a fundamental property of the physical system and that 

there could be a cost associated with the simplicity of 1D models. While being useful, 

it is often ignored that it is an approximation for the complete system. Hence, before 

describing recent entropy-based models, we find it essential to convince the reader 

that since we are not interested in systems under strict equilibrium but rather in the 

excited state of the system, while the use of entropy is highly effective, it is yet an 

approximation for the complete multi-dimensional dynamic problem. 

8.5.3.1. Entropy in the context of transport-based models 

Before discussing the role of entropy, we need to provide a brief chemical-physics 

background. The notion of entropy is most useful when we cannot, or simply prefer 

not to, explicitly account for all the system's degrees of freedom (i.e., microstates). In 

such a case, we would group microstates having a common property into a single 

state, the macrostate. For instance, in the case of charge separation, one tends to group 
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microstates using the property of charge separation - 'r'. As we analyze only the 

macrostates, we effectively reduced the problem's dimensions. 

More formally, assume that the probability of finding the system in a microstate 'i' is 

proportional to 𝑒
< ;!
-4*, where 𝜖+ is the internal energy of microstate 'i'. The probability 

. of finding the system in a certain macrostate 'r' is proportional to 

is the number of microstates in each 'r'  Z(r) is called the partition function and 

macrostate. 

as the equivalent of internal energy in the macrostate  , we define 4Following ref 

perspective. So the probability of finding the system in a particular 'r' macrostate is 

. F(r) is implies  . Notice proportional to:  

called Helmholtz free energy, and in our case, it is identical to Gibbs free energy 

(G(r)). 

(8.17)  

Notice that for the private case, when all microstates in each macrostate have the 

same internal energy, one may formulate: 

(8.18)  𝐺(𝑟) = 𝜖(𝑟) − 𝑘Q𝑇𝑙𝑛𝛺(𝑟) 

For charge generation, the conditions of this private case, are fulfilled when no 

disorder is introduced to the system (as in equation 8.2). However, for the disordered 

case, one should use equation 8.17).4 As it is important to realize that working with 

entropy instead of the complete system is an approximation, we will demonstrate it 

below. To this end, we will use the straightforward model by Rubel39 for the Onsager 

type dissociation. 

8.5.3.1.1. Half space 1D junction 

The simplest system is a half-space 1D junction discussed by Rubel (see section 8.8.3 

in supplementary). One of the charges is fixed in place in such a system, while the 

other is free to move along one axis (Figure 78). 
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Figure 78. Rubel's model (half-space 1D junction) 

When the system obeys:  

1. Hopping is allowed only between NN sites. 

2. The charge pair source is located at (1) only. 

3. Sinks are located at r=0 and rà∞. 

the following rate equations hold: 

 

In this model, the hopping rates are given by the Miller-Abrahams formalism:69 

 𝑎+ = 𝜈G𝑒𝑥𝑝 l−
V!JK<V!B|V!JK<V!|

@&40
m 

 𝑏+ = 𝑒𝑥𝑝 lV!JK<V!
&40

m 

8.5.3.1.2. Full 1D junction 

To analyze a full 1D junction, we extend Rubel's model39 to account for the entire 1D 

space (see Figure 79 compared to Figure 78). Each fm,n refers to the concentration of 

charge pairs occupying the site pair (m, n). Our system obeys the followings: 

1. Hopping is allowed only between NN sites, and the counter-charges never hop 

at the same time. 

2. The charge pair source is located at (1, 1) only. 

3. Sinks are located at r=0 and rà∞. 

4. Recombination is allowed only when the counter-charges occupy the microstate 

(1, 1). 
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Figure 79. Extended Rubel model for 1D junction 

):, the rate equations are (79Figure Examining   

 

The dissociation efficiency is according to: 

 

As before, the rates are given by Miller-Abrahams formalism: 

 𝑎+→+B=,d = 𝜈G𝑒𝑥𝑝 l−
V!JK,C<V!,CBgV!JK,C<V!,Cg

@&40
m 

 𝑏+→+B=,d = 𝑒𝑥𝑝 lV!JK,C<V!,C
&40

m 

For ordered materials, 𝜖+,d is given by equation 8.2, and for the disordered ones, we 

use the same 𝜖+,d but with the addition of energy disorder offsets (one for each site).4 

The offsets are generated for the entire bulk in each iteration by Gaussian distributed 

random variables. To simulate an entire bulk, we iterate the choice of offset energies 

to account for the varying landscape. The charge dissociation efficiency is calculated 

separately for each iteration, and the mean efficiency is the effective charge 
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dissociation efficiency4. The iterations stop when the precision reaches above 96% (in 

any case, it amounts to several thousand iterations).  

8.5.3.1.3. Does half-space 1D junction + entropy equal full 1D junction? 

To calculate the dissociation efficiency of a half-space 1D junction, including the 

entropy correction, we need to replace the internal energy (𝜖) with the Gibbs free 

energy (G) and define the set of microstates of the full 1D junction that correspond to 

a single state in the half-space 1D junction, i.e., . This task is not complicated 

and relies on using equation 8.17) and noticing that  is a linear function of 'r', as 

elaborated in Figure 80.  

 
Figure 80. state counting in a 1D system. Each section in the figure is dedicated to a certain 

macrostate, defined by a unique 'r'. For each macrostate, we count the microstates it includes. 

For our simple system, Figure 78 to Figure 80, the lattice constant on both sides of the 

junction is identical ('a'), and in the following, we describe the results of the three 

models described above. Specifically, we use the parameters described in Table 8 

unless otherwise stated. 

Table 8. simulations parameters 

Dielectric constant (e) 3.5 

Lattice constant ('a') 1 nm (for both sides in a 1D realistic model) 

Interfacial sites separation ('b') 0.5 nm 

( )rW

( )rW
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(Interfacial) carrier lifetime (t) 1 ns 

Lattice sites 30 (for each side in a 1D realistic model) 

Junction disorder parameter (σ) Assuming the same standard deviation on 

both sides: 𝜎 = {𝜎_@ + 𝜎k@ = √2𝜎_  

Figure 81a shows the calculated charge-pairs (excitons) dissociation as a function of 

electric field and for three temperatures (see legend). The dashed lines are based on 

Ruben's half-space 1D model, and the full lines are derived using the extended full 1D 

junction model. Typically, the models where one charge is stationary2 are used 

because if the distance between charges governs the dissociation, then fixing one 

charge in space is equivalent to letting both move. However, even when we assume a 

junction where charges are confined to their respective half-space, the full 1D 

junction model predicts higher dissociation efficiency. Figure 80 shows that by fixing 

one charge, we neglected one degree of freedom, and hence this should be 

compensated for by adding an entropy term. Figure 81b shows the results for the same 

two scenarios, but the half-space 1D junction includes the contribution of entropy 

(relative to the full 1D junction). The similarity between the dashed and full lines 

exemplifies the power, and importance, of including entropy (to compensate for 

neglected degrees of freedom). However, we should note that the curves do not 

overlap, as adding the entropy correction is only an approximation for the full system.  

 
Figure 81. Dissociation efficiency as a function of electric field for calculated for temperatures of 250k 

(green), 250k (red), and 300k (purple). (a) The full 1D junction (solid line) and the half-space 1D 

junction (dashed line). (b) The full 1D junction (solid line) and the entropy corrected half-space 1D 

junction (dashed line). 
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The quality of the entropy approximation would depend on how much the system is 

driven by thermodynamics compared to dynamics. This last statement is easiest to test 

for 1D systems since adding disorder would drive a 1D problem away from 

equilibrium much faster than a 3D model. Figure 82 shows the same calculations as 

Figure 81b but for a junction disorder of 80meV (σD=σA=57meV). We note that with 

the addition of disorder, the entropy can no longer be considered a good 

approximation. By plotting the histogram of the dissociation efficiency per iteration of 

a disordered sample (Figure 81b), we find that in many iterations, the energy 

landscape is such that the charge is blocked at the initial state because it happened to 

be lowered by the disorder compared to the next site. This strong inhomogeneity is 

unique to 1D systems and results from the system being away from thermodynamic 

equilibrium. We would expect that in most realistic 3D models, the quality of the 

entropy approximation would be high. Still, one should be aware that the prerequisite 

is the system being close to thermodynamic equilibrium (or quasi-equilibrium). 

 
Figure 82. (a) Dissociation efficiency as a function of electric field for calculated for temperatures of 

250k (green), 250k (red), 300k (purple), and disorder parameter of 80meV. The results are for the full 

1D junction (solid line) and the entropy corrected half-space 1D junction (dashed line). (b) Histogram 
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of the dissociation efficiency per iteration calculated for an applied field of 105V/cm. Dark blue was 

computed using the Full 1D model, and the light blue was calculated using the entropy corrected half-

space model. 

8.5.3.2. Entropy-based OPV models 

Gregg reported one of the first models employing entropy to calculate the charge 

separation in modern OPV.72 Gregg's work dealt with the importance of 

dimensionality in reducing the effective barrier to exciton dissociation. For the 

following discussion, we remind ourselves that a pair is defined by the distance 'r' 

between its constituting charges. Gregg considered only one static and one moving 

(dissociating) charge cases. In this context, for a 1D scenario, for any separation (r), 

there is only one available site.  Thus, he considered the half-space 1D junction 

described above, where the entropy is constant during the dissociation process. 

However, for 2D and 3D scenarios, the number of available sites per 'r' grows in a 

power-law of 1 or 2, respectively. This increase, as a function of the distance 'r', of 

available sites is illustrated in Figure 83a for a 2D system where we also introduced 

the notion of a donor-acceptor junction. This 'r' dependent entropy gradient is a 

driving force associated with the gradually reducing Gibbs free energy during the 

dissociation process. 

 

Figure 83. Illustration of the counting of pair configurations available for charge pairs with 

separation distance r. Consider that each rectangular is one site as in a molecule or a conjugated 

element where the particle is delocalized. (a) The left side of the charge pair is static, and the 

counterpart charge can be hosted on any of the sites in the yellow hemisphere. – Gregg method72 (b) 

The left side of the charge-pair is mobile and hence can be in any site along a line perpendicular to the 

interface. Site i (on the left) forms an r-separated pair configuration with all sites within hemisphere i 

(on the right). Ω would be a summation of all i contributions. – Hood and Kassal method73 (c) A 

similar counting as in b, but to avoid the assumption of the symmetric junction, the counting is done by 

fixing the point at which the line that connects the pair crosses the interface. Again, each site located in 

the right hemisphere i, forms an r-separated pair configuration with site/s in the left hemisphere i. The 



170 
 

r-long lines demonstrate some of the possible r-separated pair configurations. Here too, Ω is a 

summation of all i contributions. – Liraz et al. method.4 

Gregg considered Coulomb attraction only, without an external field. In his work: 

 ∆𝐺 = ∆𝐻 − 𝑇∆𝑆;	∆𝐻 = 7
KL8$8%

; 	∆𝑆 = 𝑘Q ln(Ω) 

 1𝐷:	Ω = 1; 2𝐷:	Ω = @L%
$
; 3𝐷:	Ω = KL%3

$3
;	 

Gregg considered only cubic lattice geometry, but it is relatively easy to extend the 

counting of Ω(r) for any desired geometry. Following his work, we calculated ΔG for 

the three cases, and the results are plotted in Figure 84. 72 It is important to note that in 

the context of the previous discussion (section 8.5.3.1.3), he computed the half-space 

1D junction and then used entropy to correct it for a half-space 2D or half-space 3D 

system. Figure 82 demonstrates the tremendous impact of entropy in reducing the 

energy barrier for charge dissociation. 

 
Figure 84. Calculated equilibrium free energy of charge separation versus distance at room 

temperature of an electron escaping from an immobile hole at the origin (εr=3.5) a=1 nm is the lattice 

constant 

While the described method is straightforward, there are a few subtleties to be 

considered. At the heart of the approach, we have the counting of available states W. 

The counting by Gregg, Figure 83a, allowed only one charge to move. Hood and 

Kassal assumed a symmetric junction and modified the counting by letting the "fixed" 

charge move perpendicular to the interface (Figure 83b). 73 To avoid the hidden 

assumption of a symmetric junction, Liraz and Tessler further modified the counting 

as shown in Figure 83c. 4 



171 
 

Assuming we have an agreed method that, given an environment of sites, would 

produce the correct shape of the 1D ΔG, the remaining question is what we will use it 

for and how. If all we are interested in is the binding energy of a given landscape, 

then we extract (Figure 84) the energies at the initial separation (1nm à -0.48eV) and 

at the peak (-0.23eV). The difference between the two defines the binding energy 

(𝜑Q = 0.25𝑒𝑉). However, if we are interested in the dissociation efficiency, we are 

back to the discussions of the 1900s models. At one end, we have the F38 (Poole-

Frenkel) approach where the dissociation follows the Boltzmann factor 𝑒𝑥𝑝 l− l4
&40
m. 

And at the other, we have the discrete implementation of O38 that also accounts for 

the finite CT lifetime.39  

The situation becomes even more subtle if a disorder is also involved. Producing the 

shape of ΔG for different positions in the sample is again straightforward. 4, 73 

However, finding the average, or device equivalent, dissociation efficiency is an issue 

to consider. In the paper by Hood and Kassal, 73 they averaged ΔG across the sample 

and found that disorder very quickly diminished 𝜑Q, thus predicting efficient 

(spontaneous) dissociation. Liraz and Tessler 4 use the dissociation efficiency of a 

given position as the parameter to be averaged. This device-oriented approach was 

termed the effective entropy–disorder (EED) model. This EED model was found to 

reproduce the temperature dependence of the IQE results of PTB7-Th:ITIC (a 

polymer:NFA system) OPV using the same disorder parameter for the donor and 

acceptor (σd= σa=64 meV, 𝜎 = {𝜎#@ + 𝜎$@ = 90𝑚𝑒𝑉). 

 
Figure 85. (a) Temperature dependence of the exciton dissociation efficiency as a function of 

temperature and for different junction disorder parameter.4 (b) The effective binding energy 

determined from the dissociation efficiency. Symbols correspond to the experimental data. 4 
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In ref  4, a good overlap between measurement and model (Figure 85a) could only be 

achieved if the dissociation at room temperature was primarily attributed to what one 

might call the µEτ product. In the context of crystalline semiconductors, the product is 

used to allow one to determine if the charges may reach the contacts before 

recombining; however, for the excitonic cells considered here, the meaning is very 

different. Here, it reflects the ability of the charges to escape the coulomb (binding) 

well and become free. Hence τ is the CT recombination lifetime describing geminate 

recombination, which is not to be confused with non-geminate recombination 

(Langevin, traps, …) that may still take place on the way to the contacts. Such "fast 

escape" is in line with the conclusions of a very different study by Bian et al., who 

looked into the early stages of charge generation.74  

 

8.6. Summary and conclusions 
Most of the conclusions we may draw from the description of the works done since 

the 1930s are not physical, chemical, or mathematical. For example, we hope we 

managed to convey that the question of which model is correct is the wrong one. 

Instead, one should consider which model was developed with “my” chemical physics 

scenario in mind. Using a model out of its scope doesn’t make it wrong. In this 

context, we would like to go back to our discussion of Braun’s work. Despite all that 

we wrote, our main conclusion is not that his work was wrong. It is an excellent 

example of how the simplicity of a model can justify it being “only” good enough. 

While there were works of higher rigor, Braun’s work helped advance the field for 

many years. The fact that the progress in materials and devices has shifted the 

physical scenario out of the scope of Braun’s model does not make it less significant. 

The Arkhipov-Baranovskii model is almost the opposite example. It is probably the 

only new model that doesn’t have a 1900’s sibling as it was developed with modern 

materials and devices in mind. The physical picture of materials used before 2000 is 

outside the scope of the Arkhipov-Baranovskii model. Since there would (almost) 

always be a mismatch in charge neutrality levels in a donor-acceptor blend, there 

would be a charge transfer in the ground state, leading to the mechanism considered 

in Arkhipov’s model playing a role.66 Unfortunately, this model is not making a broad 
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impact, and a better accessible version, even if less exact, would probably go a long 

way. 

The use of entropy is very useful in bridging between 1D or 2D models and the 

realistic 3D sample. Using a model with lower dimensions often helps us better 

understand and develop healthy intuition regarding the processes at play. However, by 

definition, such an approach averages out details. At the same time, the field has 

reached the stage where details of the morphology and structure must be taken into 

account if we are going to surpass 20% power conversion efficiency.  

We hope that this review will serve as a stepping stone for the next generation of 

models, and we apologize for not including many important works. 
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8.8. Supplementary Material 

8.8.1. Onsager 1934 (O34) 

8.8.1.1. O34 - From the physics to the equation 

The two bodies problem is one of the most known physical problems. The crucial step 

towards solving this problem is to reduce it from two bodies problem to a problem of 

one effective body. This reduction is obtained by defining the “center of mass” (

) as the point of reference in the problem, and the 

reduced mass as the effective mass of the effective body: . Inspired 

by this, Onsager reduced the two species problem of hole and electron to an effective 

one-body problem – a pair. 

In classical mechanics, according to Newton’s second law, as the mass grows it is 

harder to move the body. In electrics as the mobility grows it is easier to move the 

carrier. It seems that mass is the mechanical equivalent to the inverse of mobility. 

The pair distribution is defined by: , sub-index p stands 

for ‘paired’, . As appear in Figure 86, Onsager’s equivalent for “center of 

mass” is the “center of mobility” ( ). The “center of 

mobility” is the point of reference for all the velocities and locations (

, ). In the same 

manner, effective mobility ( ) is equivalent to reduced mass.  

 

Figure 86. the center of mass (a) vs. center of mobility (b) 
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The transport and continuity equation of holes and electrons separately are well 

known. In the following paragraphs, we find these equations for a bonded pair ‘f’. 

According to O34 physical picture, neither generation nor recombination is taking 

place in the device bulk. The continuity equation is a fundamental concept in physics. 

One may convince himself that ‘f’ obeys a continuity equation as formulated in 

equation 8.19: 

(8.19)  

Mathematically, It is possible to formulate this equation by implementing the chain 

rule for multivariable function on f time derivative. 

is the relative hole velocity with respect to electron velocity: ).

 is dissociating pairs flux. 

According to the well known drift-diffusion equations of holes and electrons are:  

 

 

The total velocity is: 

(8.20)  

The essence of defining the “center of mobility” is to reduce the diffusion of two 

bodies to one body: 

 

Substituting equation 8.19 into equation 8.20 leads to O34 main equation:  
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(8.21)  

The boundary conditions and their physical meaning appear in our paper. 

 

8.8.1.2. O34 - Dissociation rate 

Onsager’s result for bonded-pair distribution is: 

 

 

The mathematical details of this solution appear in McIlroy’s work1. 

Calculating the dissociation rate can be done by integrating the flux (fv) over any 

closed 2D surface that contains the origin. we choose the simplest integral over a 

sphere of radius ‘a’ centered at the origin. Where aà0. 

According to equation 8.21, when , the flux is:  

 

We start calculating fO34 flux by evaluating : 

 

Substituting the derivation into the flux gives: 
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(8.22) 
 

 

Next we deal with and 

. Notice : 

 

 

Let us solve the integral: 

 

Using the previous result and substituting màm+1: 

 

Substituting these results back to equation 8.22: 
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We multiply these terms by  and deal with each of them 

separately: 

 

 

 

 

After some minimizations, the simplified function for flux is: 
 

Let us simplify the term inside the curly brackets: 
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Finally, we integrate the flux to get the dissociation rate (rd): 

 

For any ‘a’ and aà0 in private. 

 

Using and we conclude: 

 

 

8.8.2. Onsager 1938 (O38) 
In O38, Onsager claimed without providing any reasoning that the dissociation 

efficiency, obeys the following equation: 

(8.23)  
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5 (𝐼) �̅�#(𝑟 → ∞) = 1
(𝐼𝐼) �̅�#(𝑟 → 0) = 0  

 

We use Tachiya’s2 work to provide a mathematical justification for the equation 

above. 

The drift-diffusion equation that was formulated in O34 holds here: 

 

However, here f is time-dependent and not necessarily in a steady state. 

Tachiya enabled the recombination to occur at any surface, not necessarily at zero 

separation. When one knows , it is very easy to find the total dissociation 

efficiency (ηd) of a device by considering the initial distribution of the pairs-

: . Notice, f should be normalized (

). 

The integral domain of the volume integrals in this section is the entire space 

available for the reaction, to say from the recombination surface to infinity. 

While the dissociation occurs, the pair distribution (f) develops with time. As the 

ultimate dissociation efficiency-ηd is time-independent, it does not matter at what time 

we sample the distribution , as long as it is a finite time: 

(8.24)  

Deriving by time: 

(8.25)  

Tachiya introduced : 
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Notice: 

 

Considering the identity : 

 

According to the divergence theorem, we get: 

(8.27) 
 

As a probability density  (and ) go to zero at infinity separation faster than r-3. 

At the recombination surface : , and considering 

equation 8.25  

We may say the same for any , no matter what the initial pairs distribution is. Thus: 

(8.28)  

When the mobility is uniform equation 8.28 is reduced to from O38 equation. Thus, 

Tachiya’s mathematical model for the case of recombination on a recombination 

sphere of radius rrec is: 
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(8.29)  

It is interesting to point that examining Tachiya’s mathematical development, it seems 

that forcing  is necessary for developing equation 8.29, because it 

appears in the step between equation 8.28 and equation 8.27. Later we disprove this 

claim. 

 

8.8.2.1. O38 – Using O34 solution to solve O38 

In 1934, Onsager solved: 

; ; 

 

This equation is equivalent to:  

 

The solution is . 

But in 1938 Onsager had a new problem; solving equation 8.23. 

Notice the equation Onsager introduced in O38:  can be 

identified with the one Onsager solved in O34: 

by replacing .  It is 

important to understand that this replacement has no physical meaning. It is only a 

mathematical trick to solve the new problem based on a solution we already have. 
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Neglecting the boundary conditions, is a private solution of 

equation 8.23: 

 

 can be simplified using : 

 

Notice : 

 

The desired boundary conditions for are: , . 

Let us check the boundaries of . 

 , m=0 is the only non-zero term: 
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Actually, ignoring the boundary conditions, any constant may solve equation 8.23 and 

serve as a private solution. For instance . 

Since the equation we solve is homogenous any linear combination of and  is 

a private solution by itself. 

The following solution solves the equation and obeys the 

boundary conditions: 

 

We may simplify  

 

And 

 

So 

 

Substitute this into : 

 

 

8.8.2.2. Extended O38 model - Noolandi, Hong, Sano, and Tachiya 

corrections 
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necessarily full ( , also known as a full recombination 

boundary condition or absorbing boundary condition) but instead it is limited by the 

pair-flux toward the recombination sphere. The partly recombination can be described 

as a first-order reaction. This means the recombination rate is proportional to the pair 

density at the recombination surface .  is the reaction 

rate constant. Full recombination is a private case of the new condition when . 

Applying the continuity equation ( ), the recombination feeds out of 

incoming pair flux ( ): 

This is also known as a partial recombination boundary condition or radiative 

boundary condition3. 

Sano and Tachiya4 (79’) solved the non-steady-state case (equation 8.21) with a 

partial recombination sphere at rrec. rrec is typically the averaged nearest neighbors 

(NN) distance, which is the radius of the most packed CT possible before decay or 

turning into an exciton. At infinite separation, the trivial normalization demand causes 

the pair distribution to reach zero. They used an initial condition of a pair-flux source 

at : 

The dissociation efficiency equals the integral over the distribution of pairs that left at 

an infinite time without decaying:  

 is the distribution  given an initial source at . 
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By performing Laplace Transform and using the following symmetry (equation 8.33), 

they proved that equation 8.28 ( , same equation as in O38) with the following 

boundary conditions 8.34 (I)+(II) is equivalent to the problem represented by equation 

8.31. 

 

Comparing the model of full recombination at rrec (equation 8.29) to the model of 

partly recombination at rrec (equation 8.34), the only difference is in the boundary 

condition at rrec (the recombination surface). Thus, although we claimed before 

otherwise, it seems that forcing  is not necessary for developing 

equation 8.29, but still we need to prove it. 

Sano & Tachiya and Noolandi&Hong mathematical developments of the non-steady-

state case (equation 8.31) and the steady-state case, leading to the more useful 

equation 8.34 are complicated. We instead suggest an easier way to obtain the same 

equation. Notice that up to equation 8.27 Tachiya’s formalism for explaining the full 

recombination case, has nothing to do with boundary conditions. The next step Tchiya 

did was to take both integrals (at the reaction sphere and infinity) to zero.  We can 

zero the integral on the recombination sphere by zeroing its integrand: 

Using the partial recombination condition given in equation 8.30 (

), to zero the integrand at rrec we must demand  

 which is the boundary condition we needed to prove 
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(equation 8.34 (I)). Thus, we have just proved that forcing  is not 

necessary for developing equation 8.29. 

Sano and Thachyia solved analytically the new system of equations (equation 8.34) 

for the case of zero assisting field. When rrecà0 and their solution restores 

Onsager solution . Actually, Noolandi and Hong (78’)5 precede Sano 

and Tachiya and gave an analytic solution for the same problem but in a much more 

complicated method. 

 

8.8.2.3. Extended bulk recombination O38 model 

An even more realistic process of recombination over a range of separations (and not 

only on one reaction sphere) was suggested by Tachiya6 (83’), equation 8.36: 

The recombination process is assumed a first-order reaction, as in regular partial 

recombination conditions. However here the recombination rate is distributed over a 

range of separations, and it is given by .  

Unfortunately, an analytic solution for equation 8.36 was never found. However, 

Wojcik and Tachiya7 (05’) presented a numeric method for solving this equation. 

They solved it for exponential (equation 8.37-a) and uniform8 (equation 8.37-b) 

distributed . 

Figure 87 (data from 8) compares dissociation efficiency of the several based O38 

models (ε=5, rrec=8Å, D=10-2[cm2/s], initial separation of rrec,min). It compares bulk 

recombination having exponential (equation 8.37-a, αk=1Å-1, k0=108s-1, dotted-dashed 

( ) 0d recr rh ® =

k ®¥

( ), 38 0d O Eh =

( )reck r!

( )reck r!

(8.36)  

(8.37)  

( )

( )

( )
,min

exp exp 0

0

1
rec

b el el
eff d rec d

b b

d

r

d r

k T q q k r
q k T k T

I
r

II

µ h h

h

h
®¥

é ùé ù é ùÎ Î
Ñ - Ñ - =ê úê ú ê ú

ë û ë ûë û
¶

=
¶

®

! !

( ) ( ) ( )

( ) ( )

0

0

exp

1 / 2 / 2
0 . .

k rec

rec rec rec rec

a k r k r r

r d r r d
b k r k

OW

a= - -é ùë û
- < < +ì

= × í
î



192 
 

line) and uniform (equation 8.37-b, k0=108s-1, drec=[0.2-2] Å, solid lines) distributions. 

Wojcik and Tachiya noticed that the extended O38 model (Sano and Tachiya4 (79’)) 

is in perfect agreement with the extended uniform distributed bulk recombination O38 

model when κ=k0drec (two dashed lines). This is great news because now there is a 

closed formula for the approximated solution of the uniform distributed bulk 

recombination case instead of a numeric solution. 

 

Figure 87. data from 8. Dissociation efficiency for extended bulk recombination O38 model having 

exponential (dotted-dashed line) and uniform (solid lines) distributions. Dissociation efficiency for 

extended O38 model when κ=k0drec (two dashed lines)  

 

8.8.2.3.1. 1D O38 

Many works as been done using the 1D Onsager model9-12. Blossey9 (73’) for instance 

investigated metal-semiconductor contact of a 1D device. In this scenario, there is a 

constant assisting field and a Coulomb interaction of the injected charge with its 

mirror charge. Defining the contact-semiconductor interface as x=0. The 1D electric 

potential is . Blossey used the same boundary conditions as in 

O38 of infinite sinks at x=0 and xà∞. 

Let us assume the injected charge has a thermalization length of x0. We use 

 from the steady-state Onsager theory, and 
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(8.38)  

By integrating over the interval [0, x] one gets: 

 

One more integration over the interval [0, ∞] leads to: 

 

The right side is zero due to boundary conditions. 

We calculate  using integration by parts: 
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(8.39)  

A brief check shows equation 8.39, obeys O38 boundary conditions for  (equation 

8.23). 

 

8.8.3. Rubel’s equation13 
The hopping rates of a half space 1D model appear in the next figure: 

 

Figure 88. The hopping rates of a half space 1D model 

Time independent excitation occurs at site ‘i’. 

The hopping rates are according to:  

 

 

 

 

The model assumes a steady state. The rate equation at site ‘j’ is: 
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‘fj’ is the carrier distribution in site ‘i’. 

We divide the states into two groups, the first contains states between the interface 

and the excitation and the second group is of the rest. 

The following are relations of general site ‘j’ carrier distribution with respect to the 

distribution in site ‘1’. We will prove them later: 

 

 

The sink, implying full dissociation, at infinity dictates : 

 

 is the loss process due to geminate recombination. The dissociation efficiency is 

: 

 

As Rubel claimed. 

 

We prove the above relations by induction: 
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Base cases: 

j Rate equation results Relation results 

1   

2 

 
 

3 

 

 

 

Induction step: 

Let us assume  and . We want 

to show . 

The rate equation for ‘j’ is : 
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Q.E.D 

 

The second relation we prove is: 

 

Base cases: 

j Rate equation results Relation results 
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Let us assume  and 

. We want to show 

. 

The rate equation for ‘j’ is: 

 

Q.E.D. 
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9. Conclusions 
 In our first publication "Benchmarking the Electronic Processes at the Planar Organic 

Heterojunction Solar Cells" (section 5) we analyzed planar heterojunction - bi-layer 

devices. This structure is much simpler to understand and simulate than bulk 

heterojunction (BHJ).  

The important rule of thumb that guided us through the research is to 'keep it simple' 

with a minimal cost in twisting the actual physical picture. In our first publication, it 

reflected in the simple rate equations model instead of a complex differential 

equations model. Furthermore, we were after the minimal set of fit parameters and 

equations. Our criteria for a good enough model were self-consistency and good 

reproduction of a variety of measurements. The inclusion of spontaneous thermal 

generation of CTs (GCTsp) in our model is a good example of self-consistency 

consideration in model design. This process is negligible when the device is under 

illumination. However, in dark, GCTsp is essential to ensure no current flows when 

zero bias is applied. 

While the popular concept is that Langevin recombination results in too high 

recombination rates1-3, in the first publication, we showed by means of careful and 

self-consistent analysis that not only Langevin rate is not an overestimation, but it is 

not strong enough to account for the losses in the photo-cells.  

In our first publication, we suggested charge generation and recombination are not 

necessarily occurring through the same set of states. This implies that it may be 

possible, by means of controlling the film and molecular structure, to get rid of 

recombination sites with minimal damage to charge generation. 

One more popular concept we showed that is not accurate or holds only in a limited 

frame of conditions, is the perception of SRH recombination as a monomolecular 

process. However, when the traps are shallow, the carrier density and the trap filling 

rate both grow linearly with the illumination intensity, thus the SRH act as 

bimolecular recombination. Our conclusion of the traps' energy was confirmed by 

sub-gap EQE measurement. We continued to investigate the SRH process in our third 

publication “Light-induced trap emptying revealed by intensity-dependent quantum 

efficiency of organic solar cells” (section 7). 
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In our first publication, we suggested a flexible framework, which is easy to 

manipulate by altering or adding a new process. We found our model robust as it 

restores EQE and JV measurements extending over a wide range of applied voltage 

and five orders of magnitude of light intensity for four bi-layer systems. In this model, 

we used Onsager-Braun model to simulate charge dissociation with the main fitting 

parameter being the binding energy. However, as we delved deeper, we could not find 

a satisfying explanation for the physical meaning of this energy in our systems. 

Therefore, we did extensive research on charge dissociation which led to our second 

publication - "Translating Local Binding Energy to a Device Effective one" (section 

6). 

In the second publication, we focused on charge dissociation and treated one of the 

most prominent properties of organic devices – disorder. We include spatial 

dispersion of the DOS. We simulated thousands of 3D disordered landscapes through 

which the charges may dissociate. For each of them, we calculated the effective local 

1D free Gibbs energy. This translation of 3D to 1D picture was designed in the spirit 

of ‘keep it simple’, but a justification was needed. We take care of it in our not yet 

published work “Charge dissociation in organic solar cells – from Onsager and 

Frenkel to modern models” section 8.5.3. 

This local Gibbs energy was translated by previous works4 to local binding energy. 

However, we understood the obvious, the physical description of the model must 

relate to what we measure. We measure quantum efficiency or photo-current. Thus, 

we suggested the EED model in which we translate the local free Gibbs energy to a 

local dissociation efficiency which is the local contribution to the total device 

efficiency or photo-current. The device efficiency is simply the mean of local 

efficiencies. In other words, the total photo-current is a summation of local photo-

current contributions. 

Although one may consider our correction as a nuance, this is not the case. Figure 48 

convinces the effect of our correction is not negligible. Furthermore, the model prove 

itself when we reproduced the obtained results of PTB7-Th:ITIC OPV, a BHJ based 

on an NFA.  
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As the binding energies that have been reported in the literature are being extracted 

from the device efficiency, we find it natural to derive the effective binding energy 

from the device’s efficiency indirectly related to the local binding energies.  

In this publication, we used several diffusion-controlled processes such as Onsager, 

Langevin, and SRH. Their rate processes are directly proportional to the medium 

mobility. However, we noticed that as a local process, thus one should use “disorder-

free” mobility which is about two orders of magnitude higher than the bulk mobility5-

6. 

The story behind our third publication is a good example of how sometimes (most of 

the time) research develops unpredictably. While measuring devices from 

collaborators using my measurement setup, we obtained low illumination intensity 

IDQE measurements that show growth in efficiency as illumination increases. This 

finding looked suspicious and it was very tempting to ignore it as a measurement 

error. However, we let our curiosity lead us, we tried to find the source of the error. 

We have had a few possible explanations, for example, we thought maybe the 

illumination power is not calibrated well because the lamp warms up during 

measurements. None of our explanations were found to be true. Then we started to 

think that the measured effect is a real physical effect in the device. From here it was 

a short step to our third publication. 

We found the effect is related to the SRH recombination. It was an educated guess as 

we know SRH can have a surprising effect. While other processes are only 

monomolecular or only bimolecular, as we already know SRH process may act 

usually as monomolecular recombination but when traps are shallow, sometimes, it 

acts as bimolecular recombination. 

When traps are deep (close to mid-gap) and the contact injection is good the traps 

close to the contact may be full in dark. Appling light, the traps start to empty out 

towards being half-full. This causes a surprising decrease in the recombination rate as 

illumination increases. Moreover, we found that when the bump in the IDQE graph is 

emphasized as applied bias grows, one can deduce the traps exist deep inside the bulk 

and not only near the contacts. 

This work showed the importance of SRH recombination in NFA devices. 
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Our not yet published review paper (section 8) is the outcome of our dissatisfaction 

with Onsager-Braun model which we adopt since we wrote our first publication. We 

wanted to gain a better understanding of this model, and its foundations. 

We started with a deep reading of O34 (section 8.3.1). It was a challenge to draw 

Onsager’s physical picture. We have read the original paper over and over again and 

with the assistance of later works we understood the mathematics. From the 

mathematics, we extracted the assumptions and the physics. The model was 

developed for dissolving salts, to find the electric field dependence ratio of ions 

dissociation. The ions do not appear or disappear as electrons or holes. Therefore, 

there is a balance between pair formation – generation; and pair being absorbed back 

to the nucleus – recombination. Pairs generation and recombination occur with zero 

separation. The model is designed to find ‘f’ which is the pair distribution. The source 

generating pairs is of fixed density. 

We did the same investigation for O38 (section 8.3.2). In this work holes and 

electrons are in focus. Generation, dissociation, and recombination are balanced. 

Charge generation is not necessarily with zero separation (r0). The model is looking 

for η – dissociation efficiency, free of 'f' which has a strong dependence on the source 

shape. The source generating pairs is of fixed generation rate. In both models, there is 

an assumption of dilute charge density and a dominant source. 

Despite O38 seems much more suit the physics we are looking for, Braun rejected 

O38 (section 8.3.5). In his perspective, O38 predicts r0 which is far higher than the 

separation of NN CTs that are typical of OPVs. Instead, he adopted O34. He took O34 

which is a closed model and add some extensions to it. We claim his work is not self-

consistent and some of his extensions contradict the fundamental assumptions of O34. 

Nevertheless, his model gave good predictions and intuition for primitive OPVs7-10.  

However, it fails to predict modern devices behavior11-12. 

There is a family of models based on O38. We reviewed a few of them. Others based 

their models on Frenkel model (F38 – section 8.3.3). F38 tried to analyze the ionic 

situation O34 dealt with. However, there are two fundamental differences between the 

two. First, F38 is a 1D model. This gap was resolved by Hartke who expanded F38 

model to 3D13. Second, while O34 takes care of the entire potential shape, F38 

considers only the energy barrier. We showed in section 8.3.7.3 that by breaking the 
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separation path into small discrete steps and by adding to each dissociation step the 

possibility to recombine back, F38 restores the results of the 1D derivative of O38. 

O38 is not the perfect model for modern OPVs. The model assumes continuous 

potential which is far from the truth in organic devices where carriers hop from site to 

site. O38 assumes isotropic medium while efficient OPV must have asymmetric 

heterojunction. O38 assumes an ordered system while organic layers are usually 

disordered. 

To bridge these gaps a discrete model must be used. Scher work14 (section 8.4.2) was 

one of the first discrete models. Bässler et al. (section 8.4.1) were pioneers in taking 

care of discrete medium and Gaussian energy disorder to simulate organic devices. 

Rubel model is simple and therefore useful. We used it or a derivative of it in sections 

8.3.7.3  and 8.5.3.1. We see Arkhipov work15 (section 8.5.1) as a breakthrough. He 

used quantum physics and related it to delocalization of charges along organic 

molecules parallel to the interface. Using the potential along the molecule Arkhipov 

calculated the eigen-energies of each molecule along the 1D dissociation path. Later, 

Baranovskii et al12, 16 took the set of ground-states energies and implanted it in Rubel 

model to find dissociation efficiency. 

Then we turned to understand better the justification for using entropy (section 8.5.3 

including subsections) and thermodynamics as we did in our second publication. 

Entropy assists with rough analysis of big and complex systems. Instead of examining 

all the microstates and transition rates from one state to the other, the microstates are 

been grouped into a few macrostates based on a common property such as separation 

(r). Analyzing only the macrostates is labor-saving. 

For full 1D model using entropy is a good approximation in the ordered case (Figure 

81b). However, as disorder increases, the entropy approximation is less and less 

reliable. The entropy consideration is based on an assumption of equilibrium, and it 

loses much of the dynamic of an excited system. In 1D system, disorder can entirely 

block dissociation paths (Figure 82b) and therefore it is the system that deviates most 

quickly from equilibrium when disorder is introduced. We expect that for 2D and 

especially for 3D systems using entropy is a much better approximation even in 

disordered systems. 
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To conclude, during my research I have learned three important lessons. First, there 

are results that at first glance seem like measurement errors or anomalies, but things 

are not always as they seem and further investigation is needed. Second, careful and 

self-consistent work sometimes makes a great difference and helps avoid confusion. 

Third, different people use the same phrase to describe different concepts. Sometimes 

it is very hard to understand what the author intended. This may be very confusing 

and even fatal when the concepts contradict each other. For instance, “hot CT” can be 

interpreted in not less than four meanings according to Figure 67. 

In addition, I have learned three important lessons from my supervisor, Prof. Nir 

Tessler and for that, I am truly grateful. The first is always to find the assumptions the 

ones that are mentioned and even more important the hidden ones. These are our keys 

to understanding the physics of a model, its strength, and its weakness. The second is 

‘keep things simple’ because simple ideas stand the test of time. The third is to avoid 

developing hubris or as Nir puts it in words ‘Being 100% convinced you are right 

does not imply that you are not wrong’.  
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 ריצקת
 םתויה לשב תאז .תונורחאה םינשה ךלהמב הלדגו תכלוה בל תמושתל םיכוז םיינגרוא םיירלוס םיאת

 ,)הכומנ [annealing] יופיר תרוטרפמטו ,[spin coating] רורחיס-יופיצ אמגודל( רוצייל םילק ,םילוז

 העילב םדקמ ילעב םה םיינגרואה םירמוחה – ולא םינקתה לש ןיינבה ינבא .םיפוקשו תינכמ םישימג

 םיירלוס םיאת םויכ .תויורשפא לש בחר ןווגמ רצויש המ םהלש תובר תורזגנ רוציל תורשפא שיו ההובג

 .תילמשח היגרנאל שמש תייגרנא תרמה תוליעי 20% ידכל םיעיגמ םיינגרוא

 הניה תכרעמה .בשחמ תטלשנ תודידמ תכרעמ ונבכרהו וננכית ,םינקתהה תא קמועל ןיבהל תנמ לע

 ,םיחתמ לש בחר ךוותב תוילמשח תונוכת רפסמ םוקאו תחת דודמל תלוכי תלעבו ןיטולחל תיטמוטוא

 .ןיוולק תולעמ 100-מ רתוי לש תורוטרפמט ךוותו ,הראה תמצוע לש לדוג ירדס השימח

 .םתוא לדמל ונילע רתוי ףא התוא רפשלו םיינגרואה םיירלוסה םיאתה ירוחאמ הקיסיפה תא ןיבהל ידכב

 םהמ המכ ,םלוא .[heterojunction] םינוש-תמצמ םיינגרוא םיירלוס םיאת לש םילדומ רפסמ םנשי

 הז רקחמב .םמצע ךותב תויבקע לע םירמוש דימת אל םירחאש דועב ,םתוא רותפל השקו דואמ םיכבוסמ

 -ודה םא ןיב ;םיאת לש םינוש םינבמ םע ונדבע .םיינגרוא םיירלוס םיאת לש םיגוס רפסמ ונלדימו ונדדמ

 bulk וא( [mixed layer] תובברועמ תובכש לש ינרדומה הנבמה םא ןיבו טושפה [bi-layer] יתבכש

heterojunction(. םימרותכ תונטק תולוקלומו םירמילופ ;תונוש םירמוח תוחפשמ ונרקח ןכ ומכ 

[donor] םינראלופו [fullerene] םינראלופ-א םילבקמו [Non-fullerene Acceptor] םילבקמכ. 

 םיכילהת ןיב האוושה רשפאמש לדומ .םייתבכש-וד םיאת רובע שימגו יללכ תרגסמ לדומ ונעצה הליחת

 תא ונבחרה ןכמ רחאל .םהלש תיסחיה תובישחה תדימ תא תנגוה הרוצב ןוחבל תנמ לע םינוש םיילקיסיפ

 רדס רסוחל תוסחייתה .יטגרנא רדס רסוח לש העפשהה תא ונפסוהו תובברועמ תובכש לש םיאתל לדומה

 .םיינגרוא םיירלוס םיאת לש חותינב תיחרכה הניה הז

 תואצותל המאתה םיגישמ םה דוע לכ םילדומב תיברמ תוטשפ לע הדפקה היה ונלש החנמה ןורקעה

 תוילאיצנרפיד תואוושמ לע תויטנגלא בצק תואוושמ םיפידעמ ונאש רזגנ ןאכמ .םינקתהה לש תודודמה

 .תילקיסיפה הנומתב תורשפ עוציב אלל תאז תושעל ןתינש ןכיה םיבוריק עצבל םיפידעמ ונאו ,תוכובס

 םירטמרפב שמתשהל םיאתמ אל יתמו ןוכנ יתמ ןיבהל תנמ לע םילודג םיצמאמ ונעקשה ,לשמל

 לש אלמ יפוקסורקימ חותינב םוקמב ברוקמו טושפ חותינ םיעיצמש היפורטנא ומכ םייפוקסורקאמ

 .תכרעמה

 :םה םיירקיעה םיאצממהו 58 - 8 םיקרפב תומכוסמ רקחמה תואצות

 .םיינגרוא םיירלוס םיאת לש חותינל בצק תואוושמ לע ססובמה תרגסמ לדומ ונעצה •



II 
 

 תכרעה וניא [Langevin] ןיוו'גנל תודחאתה לש בצקה ,יבקעו ינדפק חותינ תועצמאבש ונארה •

 .בושחל וגהנש יפכ רסח

 .םירתא םתואב תושחרתמ חרכהב ןניא תודחאתהו ןעטמ תריצי •

 לדומה .היפורטנאב בשחתמש יבקעו דידב לדומ והז .ןעטמ קוריפ רובע EED-ה לדומ תא ונעצה •

 .ינראלופ-א לבקמ ילעב םיבברועמ םיאת לע ונכרעש תודידמה תא החלצהב רזחשמ

 ןובשחב תחקל ךירצ ,ןיוו'גנל ךילהת ומכ היזופיד ילבגומו םיימוקמ םיכילהת םע םידבוע רשאכ •

 .עצמה תודיינמ םיינש וא לדוג רדסב ההובגש 'רדס רסוח תלוטנ' תודיינה תא

 תודחאתה ,בטיה םיקירזמ םיעגמהו )רוסאה ספה עצמאל תוכומס( תוקומע תודוכלמה רשאכ •

SRH תרבגתמ הראהה תמצועש לככ ןוטקל הלוכי. 

 .ינראלופ-א לבקמ לע םיססובמה םינקתהב תשחרתמ SRH תודחאתה •

 ,רוא טעמ םהילע ליטהל וניסינ .הנורחאה האמה ךלהמב ועצוהש ןעטמ קוריפ לש םילדומ ונרקס •

 .ןגלבב רדס תושעלו קבאה תא רענל

 םיינגרוא םיירלוס םיאת לש חותינל םיאתמ וניא Onsager-Braun יראלופופה לדומהש ונבה •

 .תוביטנרטלא רפסמב ונד ויתחת .םיינרדומ

 רסוח םע תוכרעמ לע םילכתסמ רשאכ .תורדוסמ תוכרעמ רובע קיפסמ םיבוט היפורטנא ילוקיש •

 םיפצמ ונחנא ,םלוא .לדג רדסה רסוחש לככ הלדגו תכלוהש האיגש רבוצ בוריקה רדס

 .ישומיש היהי ןיידע בוריקה ,תוידמימ-תלת תוכרעמבש

 


