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ABSTRACT 
 

Squaraine dyes have been ubiquitous in xerography 

since the 1970’s, and have recently begun to be used as a 

highly efficient absorbing material in organic photovoltaics. 

Our group has demonstrated that multiple molecular 

structures within the squaraine family can be used to 

generate reasonably efficient devices (~2.7% PCE) with 

very good short circuit current densities (~ 14 mA cm-2). 

We characterize and explain how the formation of 

nanoscale aggregates impacts the bulk device properties. 

The nanoscale aggregates are controllable through 

macroscopic processes such as solvent and thermal 

annealing, and we are using the aggregates as a direct, 

uniquely specific energetic probe of the bulk heterojunction 

interface. The impact of this work has potential impact in 

any field that is working with small molecules, including 

solar power, the health and imaging industry, and the 

OLED electronics industry as we endeavor to offer deeper 

QM reasoning for why these materials aggregate, and how 

that aggregation will impact their structural and opto-

electronic properties. 

 

Keywords: organic photovoltaics, squaraines, aggregates, 

thermodynamics 

 

1 INTRODUCTION 
 

Organic photovoltacis offer both promise and 

challenges for the next decade of research in solar 

alternative energy technologies[1]–[3]. While offering the 

potential for highly flexible, transparent, and cost-effective 

solar cells with minimal environmental and carbon 

footprint, the challenge of upscaling the technology cannot 

be overstated[4]. There is a still a lack of understanding 

regarding the quantum mechanically dominated process of 

charge photogeneration in these nanoscale films[5], [6].   

Charge photogeneration is considered to be composed of a 

minimum of four steps : exciton generation (absorbance), 

exciton diffusion to the bulk heterojunction (BHJ)  

interface, exciton dissociation, and charge collection. The 

process of exciton dissociation at the BHJ is not well 

understood. Currently it is believed to exist on a continuum 

between two extremes, where one extreme is a complete 

and instantaneous separation of the electron and hole at the 

BHJ, and the other extreme is the dissociation of the 

exciton into a charge transfer state defined by a Coulombic 

binding between the electron and hole that must be 

overcome in order for quasi-free charges to be available for 

collection[7]–[9]. We hypothesize that the place on the 

continuum for any particular materials system used in 

organic photovoltaics is in most cases irrelevant. The 

dominant process step that governs the efficiency of the 

charge photogeneration is the initial exciton dissociation, 

regardless of whether a charge transfer state or quasi-free 

charges are formed[10]–[13]. In the devices that we 

fabricate, we see a change in the absorbance spectra and the 

spectral response of our devices upon annelaing, which is 

ascribed to changes in the amount and type of aggregates 

that are formed in our donor materials from the squaraine 

family. Squaraines have been widely used in 

xerography[14]–[18] and biomedical applications[19]–[21] 

as well as in organic solar cells[22], [23]. By manipulating 

their side chains and hydroxyl groups through creative 

synthesis, control over electronic and packing properties 

can be realized.  Additional processing gives further control 

over the packing and crystallization when thermal 

annealing is performed. The thermodynamics of miscibility 

and mixing can be used to describe both the efficacy of the 

exciton dissociation process as well as the actual annealing 

process. We show that the thermodynamics of the bulk 

heterojunction interface will have an enormous impact on 

the resultant efficiency and morphology. 

 

2 THEORY 
 

The structure of the two materials is shown in Figure 1.  

 
Figure 1. Molecular structure of the donor and acceptor. 

 

Drawing a very simplified Jablonski diagram will 

easily illustrate the concept of energetic favorability in 

device blends, as shown in Figure 2. The system is drawn 

with electron transfer proceeding from left to right as the 

excitation is generated in the squaraine (donor material) and 

transferred to the phenyl-C61-butyric acid methyl ester 

[PCBM] (acceptor material). The two solid lines represent 

the ionization potentials of the two materials, where 

ionization potential is the energy required to remove an 

electron from the molecule. In the case of the squaraine, the 

three lines (dashed, dotted, and dashed-dot) represent the 
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different excited state energies that are possible. The dashed 

line for the PCBM represents the electron affinity, which is 

the amount of energy released when an electron is added to 

the neutrally charged version of the PCBM to form an 

anion. 

 

 

 
 

Figure 2. Jablonski diagram of the two materials. Ordinate 

is energy and abscissa is electron flow direction from donor 

to acceptor. 

 

The red curving arrow moving from the left side to the 

right side represents the actual flow of an electron from the 

donor to the acceptor. 
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Figure 3. Absorbance spectra of thin films before (solid 

line) and after (dashed line) annealing. Color blocks show 

generalized absorbance of each donor species. 

 

Within a homogeneous region of squaraine, a variety of 

donor species can be formed. Typical squaraine films 

contain regions that are both amorphous and 

polycrystalline. The amorphous region typically absorbs 

from 600 to 700 nm, and the polycrystalline regions 

typically absorb from 500 to 600 nm and 700 to 800 nm, as 

shown in Figure 3. There are two species of excitons that 

can be formed on a crystal because of the splitting of the 

exciton that can occur when a dimer with oblique transition 

dipoles interacts with light[24], [25]. The relationship of the 

excited state energy of the SQ with the energy of the 

electron affinity of the PCBM is given by the Marcus-Hush 

relationship which describes the driving force or free 

energy of the electron transfer. 

 

   (        )                                                         ( ) 
 

Here, ΔG is the free energy of the electron transfer, IPD 

is the ionization potential of the donor species, EAA is the 

electron affinity of the acceptor, and EEXC is the energy of 

the excited state.  

Equation 1 can be used to describe a variety of 

processes, including the mixing that occurs during the spin-

coating process and the mixing that occurs when a device is 

annealed. We will be using it to describe the annealing 

process.  

 

3 RESULTS 
 

 
 

Figure 4. External Quantum Efficiency of pristine and 

heat treated SQ:PCBM devices. 

 

Figure 4 clearly shows a significant drop in EQE for the 

squaraine region (510-800 nm) upon annealing, with very 

little change in the PCBM region (300-450 nm). The 

simplest explanation for a loss of EQE with annealing and 

consequent crystallization would be phase separation. Since 

the PCBM EQE doesn’t change significantly upon 

annealing, this explanation cannot be valid because phase 

separation towards a bilayer geometry would have to reduce 

the electron generation independent of which excitonic 

species was formed. We have shown that the decrease in 

performance is not due to the changing absorbance, and is 

unlikely to result from changes in charge collection 

efficiency, or the increase in exciton diffusion 

efficiency[11]. We believe that the EQE data shows the 

driving force for hole transfer from the PCBM remains the 

same because the PCBM EQE data has not changed, and 

therefore the ionization potential of the squaraine donor is 

not changing.  Mobility of the charge carriers is therefore 

increasing as the crystallinity of the films increases which is 
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what would be expected. This will increase both charge 

transfer state dissociation efficiency as well as charge 

collection efficiency. Therefore, the only point in the 

charge photogeneration process to which the EQE 

decreases can be attributed is during the exciton 

dissociation step, and we explain this using a Marcus-Hush 

approach. 

 

4 DISCUSSION 
 

There are three “donor species” that can participate in 

electron transfer from an exciton; the H-mer, monomer, and 

J-mer. Each of these materials has a different EEXC, as 

seen in the absorbance spectrum of the blend film. Since 

there is relatively little change in the EQE not accounted for 

by changes in amount of absorption of the PCBM upon 

annealing, the driving force for hole transfer from the 

PCBM to the squaraine upon excitation of the PCBM is 

remaining constant. Therefore the ionization potential of 

the donor species must be consistent, since AFM results 

show the PCBM is scattered throughout the blend and 

interacting with all three of the donor species. This means 

the driving force for exciton dissociation is dominated by 

the initial energy levels of the excited states on the donor 

species.  

 

 
 

Figure 5. Marcus-Hush theory parabolas showing the 

Gibbs free energy surfaces for the H-mer (blue dotted line) 

and J-mer(red dashed line) excited states, and the charge 

transfer state (black solid line). The position of the H- and 

J-mer parabolas relative to each other was determined by 

the energy of their excited state from absorbance peaks. 

The charge transfer state energy and position was chosen to 

reflect working device parameters. 

 

During the exciton dissociation, the bulk heterojunction 

can be considered as a system with at least two states. One 

state, shown in Figure 5 as a colored/dotted/dashed line 

parabola, is comprised of one donor species and one 

acceptor molecule where the excitation is localized 

exclusively on the donor. The second state, shown in Figure 

7 as a solid black line, is comprised of the same donor 

species and acceptor molecule pair as the first state, but the 

excited electron has now been transferred to the acceptor 

species leaving the hole on the donor species. We shall 

consider these as states A and B respectively. The true 

system is much more complex because in a bulk 

heterojunction there will be many of these state pairs and 

they will all be interacting with each other. Additionally, 

the exciton’s initial delocalization/localization size upon the 

donor material will vary depending on the surrounding 

environment and morphology that the exciton “sees”. 

 

5 CONCLUSION 
The paper demonstrates a relationship between the 

donor and acceptor species that can be described using the 

thermodynamics of electron transfer. Additionally these 

thermodynamics are used to explain external quantum 

efficiency data, and can potentially be used to predict ideal 

device candidates and bulk heterojunction interface 

morphologies. 
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