
ABSTRACT 

GHASEMI, MASOUD. Structure-Function relation in Organic Solar Cells: Importance of the 

Molecular Interaction and Vitrification. (Under the direction of Dr. Harald Ade). 

 

Organic solar cells (OSCs) with their unique properties such as flexibility, easy tuneability, 

and cheap processing conditions have attracted a huge amount of interests for both the academic 

and industrial purposes. Bulk heterojunction (BHJ), the most efficient organic photovoltaic layer 

till date, is the blend of a donor and an acceptor semiconducting organic materials. The most 

common type of BHJ devices are blends of polymer donor and small molecule acceptors (SMA). 

Achieving a high power conversion efficiency (PCE) over a large device area with a long device 

lifetime are the ultimate research goals for realizing commercialized BHJ OCSs. These goals can 

mainly be achieved through the understanding of this BHJ morphology by using novel 

characterization techniques, and through constructing structure-function relations, providing 

useful insights for chemical tailoring of new materials with novel structures. Controlling the 

molecular mixing between the organic components in a blend is crucial for obtaining and 

maintaining a favorable morphology which leads to higher device performance and longer lifetime. 

The morphology of BHJ OSC, during the film formation and device operation, is governed by the 

kinetic and thermodynamic properties of the donor and acceptor materials. This thesis aims to 

understand the role of morphology on device performance and lifetime by exploring the kinetic 

and thermodynamic factors. Morphological characterization tools such as secondary ion mass 

spectrometry (SIMS) and differential scanning calorimetry (DSC) provide insights into 

thermodynamic drivers which control the final achievable morphology.  

The amorphous-amorphous interaction parameter χaa, a quantitative scale for degree of 

mixing in the blend, is extracted for different blends by employing the Flory-Huggins model. We 

use DSC to investigate the degree of mixing between different organic materials. It was found that 



a negative χaa corresponding to the low miscibility of the donor polymers in a blend leads to a non-

ideal morphology and subsequently a low PCE. To control the destructive degree of mixing in 

these blends, a novel sequentially casting method (SeCaT) was developed which suppresses the 

mixing of the polymers. As a result, an increase in the device PCE is observed when this SeCaT 

method is employed. Furthermore, the temperature-dependent amorphous-amorphous interaction 

parameter, χaa(T), was determined by mapping out the phase diagram of a polymer:fullerene 

material system. Then, the χaa(T) extracted from the SIMS results was used to establish a 

quantitative “constant-kink-saturation” relation between χaa and performance (i.e., fill factor) in 

OCSs. 

SIMS measurement also provides the degree of vitrification in polymer:SMA systems by 

measuring the diffusion profile of an SMA into the polymer matrix. Subsequently, SIMS was used 

to measure the temperature-dependent diffusion coefficient in a representative set of systems. Most 

interestingly, this thesis finds that the non-fullerene solar cells with a crystallizable acceptor are 

unstable, and they are prone to crystallization/catastrophic failure if the NF-SMA have high 

degrees of freedom in a blend. To explain the large variation of morphological stability in different 

polymer:NF-SMA systems, this thesis developed a novel structure-function relation. Although the 

systems with low partial miscibility are shown to be prone to burn-in degradation, the structure-

function relation presented in this thesis shows that a mixture of nearly immiscible polymer:NF-

SMA leads to the morphology vitrification, and as a result, more stable devices are indeed 

achievable. Although the flexibility of the organic devices has been highlighted as one of the main 

advantages of the technology, this thesis shows that almost all of the flexible NF-SMA devices 

suffer from the high burn-in and/or crystallization failure of the active layer in a short timescale, 



and thus, this work concludes that that a vitrification with low miscibility need to be maintained 

by utilizing polymers and NF-SMAs with stiff and planar backbone.   
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Chapter 1 

Introduction 

1.1 Thermodynamic of a binary blend 

 Organic solar cells’ active layers usually are a mixture of two (binary) or three (ternary) 

materials. The degree of mixing in organic solar cells and in general any blends is mainly governed 

by thermodynamic drivers[1, 2]. If components of blends are uniformly mixed on a molecular scale, 

the mixture is called homogeneous. A good example of the homogeneous system is a solution of 

salt in water. Otherwise, if the blend consists of different phases with different composition of 

materials in each phase the blend is called heterogeneous, or a phase separated system. An example 

of a heterogeneous system is oil and water. Miscibility and in general thermodynamic of a blend 

have a profound impact on the morphology of a system. Mixing of two materials is governed by 

two factors; entropy ∆𝑆�̅�𝑖𝑥 and energetic interaction of the two different components (∆𝐻𝑚 

enthalpy of mixing) which will be discussed in details in the following sections[3, 4].  

 

1.2 Entropy of mixing 

 The entropy of mixing is defined as the increase in the total entropy after several neat materials 

each in their equilibrium thermodynamic states are mixed without any chemical reactions. The 

entropy of a blend compared to the entropy of the neat components always increases upon mixing. 

As a result, entropy favors the mixing to create a homogeneous mixture. The entropy of a blend is 

also a function of the type of the elements used in the blend. For example, we can conceptually 

declare that a blend with two SMAs has a higher entropy of mixing compared to the blend of 

polymer:small molecule, while similarly the polymer:small molecule blend has higher entropy of 

mixing compared to an all polymer system. This material type-dependent entropy is governed by 



   

2 

 

the nature of the bonds between monomer units, which ultimately decides polymer conformation 

and hence entropy of mixing. The link between different monomers in a polymer suppresses the 

randomness of the choosing a lattice site in a blend which decreases the number of ways that the 

blend can be arranged. Figure 1.1 shows the schematic of a small molecule:small molecule, and 

polymer:small molecule mixture in a 2D lattice. The entropy of mixing per lattice site is an intrinsic 

thermodynamic quantity which is defined as[3]:  

 

∆𝑆�̅�𝑖𝑥 = −𝑘 [
𝜙𝐴

𝑁𝐴
ln 𝜙𝐴 +

𝜙𝐵

𝑁𝐵
ln 𝜙𝐵]                                                                                                     (1.1) 

Where k is the Boltzmann constant, NA, and NB are the number of lattice sites occupied by each 

respective molecule, and A, and B are the volume fraction of the two components in the binary 

mixture. Since A, and B  are less than one and the ∆𝑆�̅�𝑖𝑥 is always positive, the entropy of the 

blend always favors mixing. Ideal solutions are the mixtures where the different components have 

an ideal segment size and there is no difference between the energetic interactions of the 

components. The latter condition means the energetic interactions of “like” and “unlike” are the 

same which leads to the athermal mixing (∆𝐻𝑚 = 0). Ideal solution always leads to a homogenous 

mixture as the entropy interaction is the only part which defines the change in the Gibbs free energy 

of the system. One of the main assumption in entropy of mixing calculation is that there is no 

volume change upon mixing. However, the polymer blends have shown to have small volume 

change upon mixing. Also, this entropy of mixing does not include other types of entropy such as 

rotational, and vibrational entropies. For an ideal solution, the Gibbs free energy of mixing is given 

by: 

 

∆�̅�𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙 = −𝑇∆𝑆�̅�𝑖𝑥 = 𝑘𝑇 [

𝜙𝐴

𝑁𝐴
ln 𝜙𝐴 +

𝜙𝐵

𝑁𝐵
ln 𝜙𝐵]                                                                            (1.2) 
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If we define A as and B as (1-)then we will get: 

∆�̅�𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙 = −𝑇∆𝑆�̅�𝑖𝑥 = 𝑘𝑇 [

𝜙

𝑁𝐴
ln 𝜙 +

(1 − 𝜙)

𝑁𝐵
ln(1 − 𝜙)]                                                            (1.3) 

 

Figure 1.1. Schematic representation of a lattice, (a) a mixture of two small molecules with 

similar size, (b) a polymer:SMA mixture with NB=10, in which polymer segments have similar 

size with small molecule. 

 

1.3 Energetic interaction of mixing and interaction parameter 

 The energy of mixing per lattice site is defined as[3] 

 

Δ�̅�𝑚𝑖𝑥 =
𝑧

2
𝜙(1 − 𝜙)(2𝑢𝐴𝐵 − 𝑢𝐴𝐴 − 𝑢𝐵𝐵)                                                                                         (1.4) 

Where z is the number of nearest neighbors in the lattice or coordination number,  is the volume 

fraction of component A, uAA, uBB, and uAB are the pairwise interaction energies between “like” and 

“unlike” components. If the component consisting the blend like each other better than they like 

themselves, the net energetic interaction is negative and the blends form a homogenous mixture at 

that certain temperature. On the other hand, if they like themselves better than they like each other, 

then there is the possibility of phase separation depending on the entropic interaction of the blend. 
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For an ideal solution with a homogenous mixture, uAA = uBB = uAB as previously discussed. The 

coordination number z and the lattice Gibbs free energy changes are not easily accessible, so they 

are eliminated by introducing Flory-Huggins interaction parameter commonly known as χ 

(Equation 1.5). The Flory-Huggins interaction parameter as a function of temperature essentially 

has all the information one needs to know about the phase behavior of an amorphous-amorphous 

blend. 

𝜒 =
𝑧

2

(2𝑢𝐴𝐵 − 𝑢𝐴𝐴 − 𝑢𝐵𝐵)

𝑘𝑇
                                                                                                                    (1.5) 

As a result, the Gibbs free energy of mixing can be written as: 

 

∆�̅�𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙 = Δ�̅�𝑚𝑖𝑥 − 𝑇∆𝑆�̅�𝑖𝑥 = 𝑘𝑇 [

𝜙

𝑁𝐴
ln 𝜙 +

(1 − 𝜙)

𝑁𝐵
ln(1 − 𝜙) + 𝜒𝜙(1 − 𝜙)]                    (1.6) 

 A blend with negative interaction parameter χ<0 is a homogenous mixture, χ=0 leads to the 

ideal solution and χ>0 can lead to phase separation depending on the entropy contribution of the 

system. In a polymer:polymer blend, the small contribution of the entropy of mixing (small 

positive χ) leads to phase separation of the two polymers. Once the systems in hand are 

polymer:small molecule, phase separation only takes place at larger χ compared to 

polymer:polymer system due to a larger contribution of entropy which favors the mixing. χ is 

usually expressed in the form of the sum of two factors (Equation 1.7), but this format of χ can be 

considered an oversimplification as it does not consider the dependence on composition and chain 

length in case of polymer blends. 

𝜒 = 𝐴 + 𝐵 𝑇⁄                                                                                                                                              (1.7) 

Where A and B are temperature independent parameters which can be both negative or positive 

and T is the absolute temperature. A and B are known as entropic and enthalpic contributions in 

interaction parameter. The term A in equation 1.7 compared to equation 1.5 was added to consider 
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the entropic changes due to the interaction between the components which was not considered in 

mixing entropy. In general, if B>0, increasing T leads to the decrease in the interaction parameter 

magnitude and subsequently more degree of mixing in a blend: such systems are called upper 

critical solution temperature (UCST) systems (Figure 1.2). On the other hand, if B<0, an increase 

in temperature leads to more phase separation, and these systems are known as lower critical 

solution temperature (LCST). Real systems can have both the USCT and LSCT behavior in 

different part of the phase diagram.  

 The contribution of the entropic term in Gibbes free energy reduces with lowering the 

temperature, and as a result, in lower temperatures the energetic interaction plays a more important 

role in determining the phase behavior of a system. Therefore, at low temperature, for a system 

with B>0, there is a higher probability for the homogenous mixture to phase separate into two 

phases separated states. The transition from the homogenous mixture to phase separated states 

depends on the curvature of the change in the Gibbes free energy at a certain temperature. A system 

with the initial volume fraction of  is unstable and phase separate if the second derivative of 

Gibbes free energy with respect to volume fraction is negative. Subsequently, a system can be 

stable if the second derivative of Gibbes free energy is positive. That means the curvature of the 

Gibbs free energy (concave or convex) determines that stability of the system.  

 By increasing the repulsion interaction between different components (increasing χ) a 

gap/bump starts to form in Gibbes free energy. This gap in the Gibbes free energy is known as the 

miscibility gap. Within the miscibility gap the curvature of Gibbs free energy changes from 

concave to convex at the point where the second derivative of Gibbs free energy is zero (inflection 

points). Between two inflection points, the Gibbs free energy can be spontaneously lowered by 

small fluctuation in composition as schematically described in Figure 1.2. As a result, the blend 
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phase separates into two different phases. These compositions at inflection points are known as 

spinodal compositions. Spinodal compositions are not the compositions with lowest free energy. 

To reach the lowest free energy system can further phase separate. These phases have two criteria, 

first; they must have lower free energy compared to spinodal composition, and second; the 

chemical potentials of these two phases must be equal. The latter criterion is the common tangent 

rule in thermodynamic as the chemical potential can be defined as a partial molar of Gibbs free 

energy. These points are known as binodal composition. The main step in understanding the phase 

behavior of a system is measuring the temperature-dependence interaction parameter which 

essentially has all the information needed to predict the phase behavior. 

 

Figure 1.2. Schematic of phase diagrams of (a) a UCST, and (b) an LCST system. The green, black 

dashed, blue dashed, and orange lines represent Gibbs free energy at different temperatures, 

common tangent, spinodal phase diagram, and binodal phase diagram, respectively. The 

polymer:polymer blend was used to build the phase diagrams for clarity. In the case of 

polymer:SMA the phase diagram is more asymmetric. 
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1.4 Determination of Flory-Huggins interaction parameter 

In this section, we present an overview of some of the measurement techniques used for 

extraction of Flory-Huggins interaction parameter. Each of these methods has some pros and cons 

which will be discussed in details. 

 

1.4.1 Differential scanning calorimetry 

Measurement of the melting point temperature (Tm) depression of blends for the first time was 

used by Nishi and Wang to determine the Flory-Huggins interaction parameter χ of polymers in 

the melt state[5]. The smaller the value of χ the greater the polymer-polymer interaction and the 

larger the melting point depression. The difference between the chemical potential per mole of 

crystallizable polymer 𝜇2𝑢
1 units in the mixture and in its pure liquid state 𝜇2𝑢

0 can be defined as:  

 

𝜇2𝑢
1 − 𝜇2𝑢

0 = −
𝑅𝑇𝑣2

𝑣1
[
𝑙𝑛 𝜙2

𝑚2
+ (

1

𝑚2
−

1

𝑚1
) × (1 − 𝜙2) + 𝜒(1 − 𝜙2)

2]                                (1.8) 

where subscript 1 is identified with an amorphous polymer or small molecule and 2 with the semi-

crystalline polymer, 𝑅 the ideal gas constant, 𝑣 is the monomer molar volume of the polymer or 

small molecule, 𝜙 the volume fraction, and m the degree of polymerization. The difference in the 

chemical potential between crystalline polymer unit and the same unit in the pure liquid state can 

be written as: 

 

𝜇2𝑢
𝑐 − 𝜇2𝑢

0 = −(Δ𝐻𝑓 − 𝑇Δ𝑆2𝑢) = −Δ𝐻𝑓(1 − 𝑇 𝑇𝑚,2
0)⁄                                                             (1.9) 

As a result, the melting point of component 2 which is the crystalline polymer in the presence of 

the other polymer or small molecule can be written as:  
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1

𝑇𝑚,2
−

1

𝑇𝑚,2
0 = −

𝑅

𝛥𝐻𝑓

𝑣2

𝑣1
[
𝑙𝑛 𝜙2

𝑚2
+ (

1

𝑚2
−

1

𝑚1
) × (1 − 𝜙2) + 𝜒(1 − 𝜙2)

2]                          (1.10) 

Where 𝑇𝑚 is the melting point of the mixture, 𝑇𝑚
0 the melting point of pure semi-crystalline 

polymer, 𝛥𝐻𝑓 the melting enthalpy of pure semi-crystalline polymer. In the case of the 

polymer:polymer blend, since 𝑚1 and 𝑚2 are infinitely greater than 1, equation 1.9 reduces to: 

 

1

𝑇𝑚,2
−

1

𝑇𝑚,2
0 = −

𝑅

𝛥𝐻𝑓

𝑣2

𝑣1
𝜒(1 − 𝜙2)

2                                                                                               (1.11) 

While in the case of polymer:small molecule blend, with m1=1 and m2 >>1, equation 1.9 reduces 

to 

 

1

𝑇𝑚,2
−

1

𝑇𝑚,2
0 = −

𝑅 

∆𝐻𝑓

𝑣2

𝑣1

[−(1 − 𝜙2) + 𝜒(1 − 𝜙2)
2]                                                                     (1.12) 

Figure 1.4 shows one example where equation 1.11 was used to fit the crystallization temperature 

depression of P3HT which is a semi-crystalline polymer mixed with a non-fullerene small 

molecule acceptor (NF-SMA), namely EH-IDTBR. Since EH-IDTBR is a crystalline SMA, the 

cool cycle was used instead of heating as the backbone crystallization of the EH-IDTBR was 

suppressed during the cool cycle (see Figure 1.3). χ = 0.71 was extracted for the blend of P3HT:EH-

IDTBR at the P3HT melting point of 241 °C. To fit the crystallization depression data, the 

following equation was used. 

  

1

𝑇𝑚,2
−

1

𝑇𝑚,2
0 = −

𝑅 

∆𝐻2

𝑣2

𝑣1
[−𝜙1 + 𝜒𝜙1

2] =
1

𝑇𝑚,2
−

1

𝑇𝑚,2
0 = 𝑎𝜙1 + 𝑏𝜙1

2                                    (1.13)  

𝜒 =
−𝑏

𝑎
                                                                                                                                                     (1.14) 
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Figure 1.3. DSC thermograms of blends of P3HT:EH-IDTBR with different D/A ratio. (a) Data 

collected from first heat and (b) themorgrams collected from first cool cycle. Heating and cooling 

rate of 10 °C/min was used for all the samples. 

 

 

Figure 1.4. Phase diagram of the P3HT:EH-IDTBR system at different D/A ratio. P3HT and EH-

IDTBR are assumed to have similar molar density.  

 

 The advantage of using DSC to extract the amorphous-amorphous interaction parameter is the 

wide accessibility of the DSC instruments. However, there are some limitations associated with 

the DSC method. DSC only provides χ close to the melting point of the crystalline component, not 
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the temperature-dependence χ(T). It also does not work for the systems consisting of two 

amorphous components, especially the organic semiconductors which usually do not show a strong 

glass transition as well. 

 

1.4.2 The solubility parameter approach 

 The square root of the energy of vaporization per unit volume is known as cohesive energy 

density in the pure state of a molecule A. The interaction energy per site in the pure A state is zuAA/2 

which is related to the cohesive energy density and subsequently solubility parameter as: 

 

−
𝑧𝑢𝐴𝐴

2
= 𝑣0

Δ𝐸𝐴

𝑣𝐴
= 𝑣0𝛿𝐴

2 𝑎𝑛𝑑  −
𝑧𝑢𝐵𝐵

2
= 𝑣0

Δ𝐸𝐵

𝑣𝐵
= 𝑣0𝛿𝐵

2                                                         (1.15) 

Where v0 is the volume per site, E is the energy of vaporization and v is the volume of the 

molecule. Subscripts A and B identify the molecules A and B, respectively. 

By using geometric mean approximation, one can estimate the cohesive energy interaction 

between component A and B which can be written as: 

 

−
𝑧𝑢𝐴𝐵

2
= 𝑣0𝛿𝐴𝛿𝐵                                                                                                                                   (1.16) 

Equation 1.14 and 1.15 allow us to write the Flory-Huggins interaction parameter as: 

 

𝜒 ≈ 𝑣0

[𝛿𝐴
2 + 𝛿𝐵

2−2𝛿𝐴𝛿𝐵]

𝑘𝑇
=

𝑣0

𝑘𝑇
(𝛿𝐴 − 𝛿𝐵)

2                                                                                (1.17) 

 As can be seen, due to the square root relation of χ , the extracted Flory-Huggins interaction 

parameters from solubility approach is always positive (χ>0), which cannot take into account the 

interactions such as hydrogen bonding and charge transfer interactions which can lead to a negative 

χ. However, the solubility approach turns out to be a practical solution where only a reasonable 
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guide to compatibility is needed, i.e. choosing a good solvent for a specific material, etc. There are 

also some methods which calculate an estimation of δ based on the knowledge of the repeat unit 

structure and density[4, 6]. 

 

1.4.3 UV-Vis method 

 The recently introduced UV-Vis method by H. Ade et al. can be used to monitor the relative 

thermodynamic behavior of polymer:small molecule blends[7]. In this approach, the temperature 

dependent miscibility in the presence of the small molecule crystals can be characterized by a 

combination of visible light microscopy (VLM) and conventional UV-Vis absorption 

spectroscopy. In the UV-Vis experiment, optical density (O.D.) is evaluated by measuring the 

transmission intensity with the active layer (I) and without the active layer (I0) and calculated as 

O.D. = -log(I/I0). Subsequently, the UV-Vis absorption spectra of the neat films and thermally 

annealed blend films were measured via a UV-Vis absorption spectroscopy. Since the O.D. follows 

the formula O.D. = µρt, where µ is the energy-dependent mass absorption coefficient, ρ is the 

density and t is the film thickness, all the measured UV-Vis absorption spectra of reference spectra 

should be normalized by its mass thickness (ρt) to yield the mass-absorption coefficient µ. Finally, 

the spectrum of a blend film annealed at a certain temperature is fitted with a linear superposition 

of the reference spectra of neat films, with the ratio of linear coefficients giving the uncorrected 

liquidus miscibility at this temperature. Unlike the DSC and solubility approaches which measure 

the miscibility gap and corresponding the amorphous-amorphous interaction, the UV-Vis method 

takes into consideration both the amorphous-amorphous and amorphous-crystal interaction 

parameters which provide the liquidus part of the phase diagram for amorphous polymers. That 

means the UV-Vis method measured the effective interaction parameter χeff rather than measuring 
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the amorphous-amorphous interaction parameter. Despite the easy accessibility of the UV-Vis 

method and its usefulness to measure the effect of both amorphous-amorphous and amorphous-

crystal interaction, this method works mainly for the system consisting of a crystallizable small 

molecule and cannot provide reliable information for a system with composing entirely amorphous 

materials. In addition, due to slow crystal growth in polymer system, which makes these systems 

to be far from equilibrium, the UV-Vis method might not be able to provide reliable information 

regarding the miscibility of the all-polymer system.  

 

1.4.4 Secondary Ion Mass Spectrometry (SIMS)  

 Secondary ion mass spectrometry (SIMS) has been widely used to monitor both the kinetic 

and thermodynamic behavior of organic materials due to its high sensitivity and straightforward 

sample preparation processing. The most common samples used in the SIMS measurements are 

bilayer samples consisting of two different organic layers.[8, 9] Figure 1.4 represents a simplified 

schematic of time of flight-SIMS (ToF-SIMS) and the schematic of a polymer/small molecule 

bilayer sample. SIMS is a fragment sensitive measurement, meaning it is capable of providing the 

volume fraction of component B in the host component A. To do that, the materials used as 

component A, and B must have different chemical formula with different molecular fragment such 

as fluorine in one of the components. In the absence of the different molecular fragment, with 

reliable resolution, deuteration can be used as an option for labeling of the organic materials. The 

bilayer SIMS samples undergo different post processing which typically is annealing of the layers 

at elevated temperatures. Due to the presence of the thermodynamic deriving force, after providing 

enough thermal energy, the diffusion takes place. In the case of polymer/small molecule, the 

diffusion mainly happens from the small molecule layer into the polymer. The diffusion of the 
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small molecule into polymer continues until the composition of the small molecule in the polymer 

matrix reaches to the equilibrium composition at each temperature. In the next step, the equilibrium 

compositions at different temperatures can be converted to amorphous-amorphous interaction 

parameter using the Flory-Huggins theory of mixing. The SIMS profiles of PCDTBT/PC71BM 

bilayer samples annealed at different temperatures to the equilibrium composition is depicted in 

Figure 1.6. The advantage of SIMS compared to other methods such as UV-Vis and DSC is that 

SIMS does not require crystallinity of any of the component, which means it can be used even for 

a system that consists of an amorphous polymer and a small molecule. However, the SIMS method, 

due to the low diffusion of polymers, cannot be used to monitor the thermodynamic behavior of 

an all polymer blend.  

 

Figure 1.5. (a) simplified schematic of ToF-SIMS, and (b) bilayer samples used for SIMS 

measurements before thermal annealing.  

 



   

14 

 

 

Figure 1.6. SIMS profiles of PCDTBT/PC71BM bilayer annealed at different temperatures. 
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Chapter 2 

Structure-function relation of organic solar cells  

2.1 Bulk heterojunction organic solar cells 

 Due to the low dielectric constant of organic materials (3-5) the probability of exciton 

dissociation in the absence of an internal field is small, while the strong intermolecular interaction 

in inorganic crystalline materials leads to delocalization of photo-generated excitons and their 

dissociation at room temperature[1,2]. Subsequently, to create the internal filed that is essential for 

exciton dissociation in organic systems heterojunction donor-acceptor structure was proposed by 

Chiang Tang in 1986. Chiang’s cell which employed a planar heterojunction (PHJ) structure 

showed about %1 power conversion efficiency (PCE)[3]. The next breakthrough in OCS 

technology was achieved after a bulk heterojunction (BHJ) structure was utilized. BHJ is a mixed 

layer of donor and acceptor materials[4]. The main advantage of BHJ compared to PHJ is the larger 

areas of donor/acceptor interfaces which lead to higher exciton dissociation rate.  Besides the 

increase in efficiency, the solution cast BHJ also simplify the manufacturing process as both the 

donor and acceptor materials in the active layer can be cast simultaneously from a common solvent. 

The phase structure of the donor-acceptor active layer defines its morphology. The morphology of 

the active layer should meet two important criteria to be able to function as an efficient active 

layer. First, it needs to provide enough interface for dissociation of photo-generated excitons which 

can be achieved by proper amount of mixing, and second, it should provide the closed percolation 

paths for electrons and holes to be collected at electrodes.  

To achieve the optimum performance of a blend, the morphology of polymer:SMA system 

needs to be carefully optimized[5-7]. Since the device morphology has shown to be closely related 

to OSC’s device parameters, and this will be discussed in details in the next section. The final 
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morphology of BHJ solar cells, during the film formation and device operation, is governed by 

both the kinetic and thermodynamic properties of the donor and acceptor materials. Unfortunately, 

due to weak non-covalent interaction between the donor and acceptor materials and the disorder 

nature of the organic materials used in BHJ solar cells, the prediction of the precise outcome 

morphology is more complicated compared to their inorganic crystalline counterparts. The most 

common type of BHJ solar cell is the polymer:SMA blend which is consisting of the a 

semiconducting polymer donor mixed with a semiconducting small molecule acceptor. In the BHJ 

solar cell, the actual morphology typically comprises multiple phases depending on the materials 

used[8, 9].  For an amorphous polymer donor and with suppression of the crystallization of the SMA, 

the phase diagram is asymmetric and there are only the acceptor-rich small molecule domain that 

is almost pure in sufficiently immiscible systems and the donor-rich mixed amorphous domain. In 

addition to these two domains, a semi-crystalline donor has an additional pure polymer domain[10].  

 

2.2 Device characteristics and their correlation with the active layer 

morphology 

 Power conversion efficiency of an OSC is the product of short circuit current (JSC), open 

circuit voltage (VOC), and fill factor (FF) normalized with the incident power density. Each of these 

device characteristics are closely related to the active layer morphology which will be discussed 

in details. As it was discussed before the organic active layers are excitonic materials. This implies 

that the absorption of a photon in the active layer results in formation of a Coulombically bound 

electron-hole pair with total spin of zero (singlet exciton S1). The photo-generated S1 exciton can 

directly dissociate into a free hole and electron pairs at the donor/acceptor (D/A) interfaces via a 

transition from charge transfer (CT) states to charge separated (CS) states[11, 12]. Since the exciton 
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dissociation mainly takes place at the D/A interface, increasing the effective D/A interface leads 

to an increase in free charges that potentially can increase the JSC. L. Ye et.al. showed that purity 

of the mixed domains in a polymer:SMA system is linearly correlated to the JSC
[13]. This finding 

shows that besides the D/A interface, which governs the exciton dissociation rate, the purity of the 

polymer:SMA domains, which governs the charge transport and recombination (loss mechanism) 

rate, also affect the JSC.  The next step in conversion of solar energy to electricity is the extraction 

of the free charges. Unlike inorganic crystalline semiconductor where the wave function of the 

electron and hole are sufficiently extended to mimic a wave packet and subsequently a band-like 

charge transport, in organic materials the charge transport takes place through hopping between 

energetically and spatially disordered sites. As a result, organic semiconductors used in OSCs are 

usually characterized with electron and hole mobility that are orders of magnitude smaller than 

those obtained in their inorganic counterparts. The longer time charges remain in the active layer, 

the higher is the probability of the bimolecular and trap associated recombination. The unbalanced 

electron and hole mobility in an active layer was also shown to be detrimental for device 

performance due to the buildup of electrons or holes in the active layer which leads to bimolecular 

recombination[14]. 

On the other hand, FF is the parameter that mainly reflects the competition between the 

recombination and extraction in OCSs and has shown to be quantitatively related to phase behavior 

of the mixed amorphous phase of the polymer:SMA[10, 15]. The higher purity of these mixed phases 

facilities an easier charge transport in the active layer which results in higher FF. However, devices 

with very high purity of the mixed domains can also experience efficiency loss due to losing the 

closed percolation path in the domains. The VOC of an OCS has shown to be mainly dominated by 

the charge transfer state energy (ECT). Similar to JSC and FF, ECT has also found to be sensitive to 



   

19 

 

morphological changes caused by processing conditions. K. Vandewal and co-workers showed 

that even in the blends with similar ECT state the change in the effective D/A area affects VOC.[16] 

Although enough D/A ratio is needed for efficient charge dissociation, the ratio should be low 

enough to ensure longer life-time of free electrons and holes. Furthermore, efficacy of ternary 

organic solar cells is also found to be closely related to the morphology of the blend. Compared to 

the binary blends, ternary blends have a more complicated phase behavior due to the presence of 

the third material. However, most of the high performance organic materials lack the ability to 

absorb a wide range of photon energies. In line with the requirement of panchromatic absorption 

for high current generation (high JSC) ternary blends have been employed to address the optical 

limitations of current state-of-the-art materials[17]. The third component in the binary host materials 

strategy has also been used to enhance the charge transport properties of the blend. It has been 

shown that using small amount of Si-PCDTBT in the blend of PTB7:PC71BM facilities charge 

transport and leads to increase the FF of the device[9]. In line with the importance of morphology 

and its effect on the efficiency and stability of OSC, the number of publications on film 

morphology-function relationship has increased rapidly in the last decade. The scale of the 

scientific efforts put on understanding the morphological effects on the performance of OSC 

highlights the essence of the methods and models which are capable of predicting the active layer 

morphology.   
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Figure 2.1. (a) Schematic of the an OSC with inverted structure. (b) Typical current density-

voltage and power-voltage curves. 

 

2.3. Morphological stability of OCS 

2.3.1 Amorphous-amorphous phase separation  

 The performance deterioration of OSCs can be defined as a deviation from the optimized 

initial morphology and chemical structure. The deterioration mechanisms can be broadly 

categorized into three main possible scenarios; thermodynamic relaxation, photo-induced 

degradation, and the chemical reaction with water and oxygen in the atmosphere[18]. Two latter 

cases are extrinsic mechanisms, which can be controlled with proper encapsulation. On the other 

hand, the thermodynamic relaxation is an intrinsic degradation channel which cannot be controlled 

by encapsulation, and it needs to be addressed with different methods. The morphology of OSC 

during and after casting usually is not in an equilibrium state. For an amorphous polymer and SMA 

blend system with USCT phase behavior, the morphology is generally quenched to a state with 

lower purity compared to its equilibrium state during the casting period. As a result, the transition 

to equilibrium state over the device operation lifetime can cause over purification of the mixed 

domains[19]. Besides a decrease in the D/A interface which is needed for exciton dissociation, the 
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over-purification can lead to a composition below the percolation threshold and subsequently an 

increase in bimolecular and trap recombination rates in the device. To achieve an OSC with a 

stable amorphous-amorphous mixed phase, one needs to either use a system with a percolation 

threshold composition close to miscibility gap or the transition from optimum composition to 

miscibility gap needs to be suppressed via a vitrified morphology.  

 

2.3.2 Small molecule crystallization  

 Another morphological degradation channel is over crystallization of SMA component in the 

device. The majority of the SMAs used in polymer:SMA devices are crystallizable molecules but 

their crystallization remains suppressed since the best performance of the state-of-the-art 

polymer:SMA is achieved while the SMA remains in its amorphous phase.[20, 21] The SMA crystals 

which are too large can cause shorts between the electrodes or the presence of this crystals due to 

their asymmetric charge transport can cause difficulty of the charge transport in a certain direction. 

These crystals can also act as a sink and through the ripening process deplete the amorphous SMA 

remaining in the polymer:SMA mixed phases. The crystallization in thermodynamic language can 

be defined as a transition from binodal/miscibility gap of a blend to liquidus composition. Different 

approaches such as vitrifying the morphology or using a third SMA to suppress the crystallization 

through entropic stabilization have been used to control the over-crystallization of the SMA 

component.[22, 23] There are also some amorphous SMA which can provide PCE over 10% upon 

mixing with a conjugated polymer, such as PDI based systems, which are the most famous 

amorphous SMA.[24] 
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Chapter 3 

Panchromatic Sequentially-Cast Ternary Polymer Solar Cells 

3.1 Preface 

Due to complexity of materials interactions (e.g., miscibility/alloying) in ternary systems, 

morphology control is one of the key strategies in optimizing the performance of ternary polymer 

solar cells (PSCs). Respectively, introducing a new method to overcome morphological 

complexities in ternary systems presents a significant challenge that requires understanding the 

underline physics, which governs the materials interactions in these systems. In this work, we 

utilized two donor polymers that have shown excellent photovoltaic performance in binary systems 

with fullerene, have ideal complementary absorption properties, but fail as a conventional ternary 

device due to polymer-polymer alloying on account of a negative Flory–Huggins interaction 

parameter (χ) between these two polymers. We demonstrated a unique sequential deposition 

strategy that circumvents the detrimental morphological outcomes associated with the traditional 

ternary blends. The sequential casting approach has improved device performance by preventing 

the alloy formation of donor polymers and developing stratified bulk heterojunction solar cells by 

deliberately selecting a difficult-to-dissolve binary bulk heterojunction with a crystalline donor as 

the bottom layer.   

Harald Ade and Abay Dinku conceived the general idea of the work. I made the OSC 

devices and also performed the thermal analyses of the work. This work was published in 

Advanced Materials (DOI: 10.1002/adma.201604603). 
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3.2 Introduction 

Most recent improvements in the power conversion efficiency (PCE) of polymer solar cells (PSCs) 

have been attained through better understanding of material structure‒property relationships that 

resulted in the synthesis of well-designed polymers and molecules with enhanced structural and 

electronic properties.[1–5] However, most of these high performance organic materials lack the 

ability to absorb a wide range of photon energies. In line with the requirement of panchromatic 

absorption for high current generation, low bandgap materials,[4,6,7] ternary blends[8–10] and 

tandem[11–13] device structures have been employed to address the optical limitations of current 

state-of-the art materials. Of these, ternary PSCs that consist of two donor and one acceptor (or 

two acceptors and one donor) have been considered the simplest strategy to broaden the optical 

absorption range in PSCs,[14–16] if the selected donors and acceptors have complementary 

absorption. Unfortunately, even though a few breakthroughs were achieved,[8,17,18] many of the 

ternary devices are limited by low fill factor (FF) and/or low short circuit current (JSC) after adding 

more than ~15-20% of the third component[19–23]. Many systems with excellent optical and 

electronic matches often fail to deliver their promises.[24,25] Due to the complexity of material 

interactions (e.g., miscibility/alloying) in ternary systems and the lack of appropriate tools to 

accurately study or predict these interactions, the most common practice for investigating ternary 

systems has largely been based on trial and error. In general, achieving favorable morphology is 

the limiting factor even in binary systems,[26–28] and the complex and often unfavorable 

morphology of the ternary device only exacerbates the issue of morphology optimization.  

Here, we utilize two donor polymers that have shown excellent photovoltaic performance in 

binary systems with fullerene, have ideal complementary absorption properties, but fail as a 

conventional ternary device due to polymer-polymer alloying on account of a negative Flory–



   

26 

 

Huggins interaction parameter (χ) between these two polymers. This is the first time that a 

polymer-polymer χ has been accurately measured for PSC materials.[25] We demonstrate a unique 

sequential deposition strategy that circumvents these detrimental morphological outcomes 

associated with the traditional ternary blend. Our method gives rise to a favorable geometry and is 

simpler than lamination, but yields similar layered structures. While sequential casting has 

previously been used for the fabrication of binary PSCs,[29–34] it has never been utilized for casting 

stacks of different binary bulk heterojunction (BHJ) films, let alone for materials that form alloys. 

Our sequential casting approach has prevented alloying and improved device performance by 

deliberately selecting a difficult-to-dissolve binary BHJ with a crystalline donor as the bottom 

layer.   

We studied the ternary systems of a superb, high-efficiency middle bandgap polymer, 

poly(benzodithiophene-fluorinated benzotriazole) (i.e., FTAZ)[3,35–38] and a promising and 

extensively studied low band gap polymer, poly(diketopyrrolopyrrole-terthiophene) (i.e., 

PDPP3T).[39–41] Although optically well matched, these two polymers in a conventional ternary 

blend with a fullerene molecule, [6,6]-phenyl C71 butyric acid methyl ester (PC71BM), only gave 

poor photovoltaic device performance (Figure 3.1a-c). This is due to the formation of an alloy 

blend by two donor polymers, as inferred from heat flux characteristics measured by differential 

scanning calorimeter (DSC) as discussed below. Fortunately, we can overcome such material-

induced limitations by fabricating sequentially cast ternary (SeCaT) solar cells based on these three 

components (FTAZ, PDPP3T and PC71BM). Schematics of conventional and SeCaT solar cells, 

energy levels and the chemical structures of the donor polymers and the electron acceptor molecule 

(PC71BM) employed in this study are shown in Figure 3.2a-d.  
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Figure 3.1. (a) J-V curves, and (b) External Quantum Efficiency (EQE) curve, and (c) UV-Vis 

absorption spectra of conventional ternary and binary PSCs. The legends show the donor materials 

in the film. All the donor materials were mixed with PC71BM. 
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Figure 3.2. (a) Schematic of conventional ternary and SeCaT solar cells with ZnO as electron and 

MoO3 as hole transport layers, creating an inverted device architecture. Schematic of energy levels 

of (b) conventional ternary, and (c) SeCaT with vertically segregated morphology, which provides 

suitable pathways for electron and, more importantly, hole charge transport. (d) The chemical 

structures of donor polymers and the fullerene acceptor. 

 

3.3 Results and Discussion 

3.3.1 OCS characterization 

Taking advantage of the hard-to-dissolve, stable aggregation behavior of PDPP3T, we 

successfully fabricated SeCaT devices with a vertical phase segregated morphology. Specifically, 

the semicrystalline PDPP3T:PC71BM BHJ blend was first spin-cast on top of a conducting 

substrate from warm solution (100-110 °C). It provided a stable (i.e., solvent-resistant) bottom 

layer onto which the FTAZ:PC71BM blend is cast from room temperature solution without the 

(d) 

(c) 

(a) (b) 
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need for an orthogonal solvent. Since holes move slightly better from PDPP3T to FTAZ than in 

the other direction as shown via transport measurements in bilayer, hole-only diodes an inverted 

device architecture is used. 

Current density-voltage (J-V) characteristics of the SeCaT, conventional ternary, and 

corresponding binary single layer PSCs are shown in Figure 3.3a, and the respective photovoltaics 

parameters and thicknesses are summarized in Table 3.1. To assure a fair and simple comparison 

and keeping the extracting field relatively similar by having similar overall thicknesses, the SeCaT 

films were fabricated in such a way that the high performance top, medium-bandgap FTAZ layer 

has the same absorption coefficient as its corresponding binary blend film (Figure 3.3b) with the 

thin film of PDPP3T:PC71BM added for extra absorption. Indeed, the SeCaT devices 

(ZnO/PDPP3T:PC71BM/FTAZ:PC71BM) show significantly improved performance over the 

FTAZ reference cell and better overall performance compared to either binary counterparts. This 

is primarily due to excellent contributions of both donors to the short-circuit current (JSC), as shown 

in the external quantum efficiency (EQE) spectra (Figure 3.3b), moderated by an open-circuit 

voltage (VOC) that is equivalent to the average VOC of the binary single layer devices. The EQE 

reveals the vibronic peaks of PDPP3T and FTAZ, indicating that both donor polymers are 

aggregated in the binary and SeCaT devices. Furthermore, the photocurrent contribution of each 

polymer in SeCaT devices nearly matches the photocurrent generated in the corresponding binary 

blend solar cells (Figure 2c), indicating efficient hole transfer from PDPP3T to FTAZ . The EQE 

of the SeCaT device in the absorption region of the PDPP3T is particularly good, given that the 

absorbance is only ~60% that of the binary.  
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Figure 3.3. (a) J-V curves, (b) UV-Vis absorption spectra of SeCaT and binary PSCs, and (c) 

External Quantum Efficiency (EQE) (d) Lorentz-corrected and thickness normalized circular 

averaged resonant soft X-ray scattering (R-SoXS) profiles of ZnO/FTAZ:PC71BM, PDPP3T: 

PC71BM, PDPP3T: PC71BM/ FTAZ: PC71BM, FTAZ: PC71BM/ PDPP3T: PC71BM, 

(PDPP3T:FTAZ=0.2:0.8): PC71BM, and (PDPP3T:FTAZ=0.8:0.2): PC71BM films, at 284.2 eV.   
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Table 3.1. Device performance of the binary, conventional ternary, and SeCaT PSCs. 

Device 
 

VOC 

[V] 
JSC 

[mA/cm2] 
FF 
[%] 

PCE 
[%] 

avg./ max. 

Thickness 
[nm] 

PDPP3T:PC71BM Binary 0.64 14.40 67.0 6.23/ 6.39 80 

FTAZ:PC71BM Binary 0.75 10.39 73.8 5.78/ 5.86 75 

(PDPP3T:FTAZ=0.2:0.8):
PC71BM 

Conventional 
ternary 

0.63 10.40 64.8 4.27/ 4.40 82 

(PDPP3T:FTAZ=0.5:0.5):
PC71BM 

Conventional 
ternary 

0.63 11.29 66.7 4.78/ 4.81 78 

(PDPP3T:FTAZ=0.8:0.2):
PC71BM 

Conventional 
ternary 

0.63 12.01 65.3 4.98/ 5.09 90 

PDPP3T:PC71BM/FTAZ:P
C71BM 

SeCaT 
0.69 15.67 61.9 6.64/ 6.73 105 

 

3.3.2 Active layer morphology 

To correlate the effect of different processing conditions with the device structures and 

materials interactions, resonant soft X-ray scattering (R-SoXS) was carried out to quantitatively 

examine the lateral domain size distribution within the active layer.[42] In R-SoXS, tuning the 

incident photon energy makes it possible to probe the material contrast between donor-rich 

domains and acceptor-rich domains. The Lorentz corrected circular averaged R-SoXS profiles of 

the conventional ternary, and SeCaT films are depicted in Figure 3.3d, supplemented with data 

from ZnO/FTAZ:PC71BM/PDPP3T:PC71BM, and binary reference devices. The R-SoXS profiles 

were acquired at 284.2 eV, which is the energy below carbon K-edge, to optimize polymer-rich 

domains and PCBM-rich domains contrast over the mass thickness contrast[43,44] and avoid 

radiation damage.[45] Since PCBM dominates the contrast function, R-SoXS primarily maps the 

spatial correlations between PCBM-rich domains even in the ternary devices. Overall, the SeCaT 

film with PDPP3T:PC71BM as the bottom (front) BHJ layer exhibits domain spacing (28 nm) 

comparable to the domain spacing of PDPP3T:PC71BM binary films (29 nm). This indicates that 
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the bottom PDPP3T:PC71BM is not much disturbed by the subsequent casting of the 

FTAZ:PC71BM. Domain spacing of conventional ternary (39-40 nm), and 

ZnO/FTAZ:PC71BM/PDPP3T:PC71BM SeCaT (35 nm) exhibit only slightly larger phase 

separation in these films.  

 

3.3.3 Depth profilometry 

Dynamic secondary ion mass spectroscopy (DSIMS) was further used to characterize the 

vertical composition gradients of the SeCaT and conventional ternary PSCs. As displayed in 

Figure 3.4a, a vertically segregated, layered structure is achieved when FTAZ:PC71BM was cast 

on top of the PDPP3T:PC71BM bottom layer. Given that PCBM phase-separates from either 

polymer, one can infer the presence of continuous charge pathway for the photogenerated electrons 

in the vertical direction throughout the device. Which means after exciton dissociation at the D/A 

interface the electron transport can happen in a network of PC71BM domains, while holes can 

transfer from PDPP3T to FTAZ at the intermixed polymer-polymer region of the SeCaT active 

layer. Conventional ternary films with PDPP3T:FTAZ weight ratio of 0.5:0.5 (Figure 3.4b) is also 

characterized by DSIMS, with uniform depth profiles observed for all three films. For further 

morphological clarification, grazing-incidence wide angle X-ray scattering (GI-WAXS) was 

employed. The 2D GI-WAXS patterns and 1D profiles of binary, ternary blends, and SeCaT films 

reveal relatively well-defined scattering features similar to the PDPP3T:PC71BM blend, indicating 

higher molecular ordering of PDPP3T compared to FTAZ (Figure 3.5).  
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Figure 3.4. DSIMS depth profile of (a) SeCaT devices comprising PDPP3T:PC71BM bottom layer 

and FTAZ:PC71BM top layer, and (b) conventional ternary with 0.5:0.5 wt% of PDPP3T:FTAZ. 

Top surface at t = 0 s.  

 

 

Figure 3.5. 2D GI-WAXS patterns of (a) FTAZ: PC71BM binary, (b) PDPP3T: PC71BM/ 

FTAZ:PC71BM SeCaT, (c) FTAZ: PC71BM/ PDPP3T: PC71BM SeCaT, (d) PDPP3T: FTAZ 

(0.2:0.8): PC71BM conventional ternary, (e) PDPP3T: FTAZ (0.8:0.2): PC71BM conventional 

ternary, and (f) PDPP3T: PC71BM binary films. 
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3.3.4 Thermodynamic of the blend 

To understand the differences in DSIMS profiles and performance, we used DSC to determine 

the crystallinity and polymer-polymer interaction parameter (χ). The later provides important 

information associated with the miscibility of polymer-polymer systems.[46–48] Based on the 

thermograms in Figure 3.6a, PDPP3T is a semi-crystalline polymer with the melting point (𝑇𝑚
0) 

of about 295 °C, which is consistent with previous reports.[49] In contrast, FTAZ has no evidence 

of a melting transition and is non-crystalline. These results are consistent with the molecular 

ordering or respective lack thereof found in GI-WAXS. The depression of the melting point 

temperature (𝑇𝑚) for blended materials, using Flory-Huggins approximation,[50] can be used to 

determine the molecular interaction parameter (χ) of the polymers in the presence of a miscible 

diluent according to[51] 

 

1

𝑇𝑚
−

1

𝑇𝑚
0 = −

𝑅

𝛥𝐻𝑓

𝑣2

𝑣1
𝜒(1 − 𝜙2)

2                                                                                                                      (3.1) 

Where the subscript 1 and 2 identify amorphous and semi-crystalline polymers, respectively; 

𝑇𝑚 and 𝑇𝑚
0 are the melting point of the mixture and the pure semi-crystalline polymer, 

respectively; 𝑅 is the ideal gas constant; 𝑣1 and 𝑣2 are the molar volume of amorphous (𝑣1,𝐹𝑇𝐴𝑍 = 

903 cm3/mol) and semi-crystalline (𝑣2,𝑃𝐷𝑃𝑃3𝑇 = 721 cm3/mol) polymers; and 𝜙 is the volume 

fraction. Utilizing 𝜒 = 𝐵𝑣1 𝑅𝑇⁄ , which represents the polymer-polymer interaction that is driven 

by enthalpy, and substitution into equation 1, the data can be represented as shown in Figure 3.6b 

and χ = -0.56 can be extracted by a linear fit. We note that the excellent fit achieved indicates that 

χ has a negligible entropic component or D/A ratio dependence. The critical χ, i.e. χc, above which 

phase separation can occur, is generally positive. In the limit of infinite molecule weight, χc = 0. 

The negative interaction parameters observed here indicates strong attractive interactions and the 
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amorphous fractions of the two polymers form a miscible and thermodynamically stable mixture. 

χ measurements in the field are rare,[52,53] and this the first time such negative χ has been measured. 

It means there is no driving force for a polymer-polymer phase separation and the polymers form 

an alloy in which the PCBM is phase-separated.  

 

Figure 3.6. (a) The DSC traces (10 °C/min) of the first run of PDPP3T:FTAZ blends, (b) 

(1 𝑇𝑚⁄ − 1 𝑇𝑚
0⁄ )/𝜙1 against 𝜙1 𝑇𝑚⁄  for PDPP3T:FTAZ blends, (c) melting point, and (d) melting 

enthalpy of PDPP3T in ternary and polymer-polymer blend as a function of volume fraction of 

FTAZ (𝜙1).  

 

In order to investigate the impact of alloying on charge transport,[54] the space charge limited 

current (SCLC) method in a diode configuration was used to measure hole mobility (See Figure 
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3.7). For FTAZ concentrations that form an alloy, the mobility is lowered by about a factor of 2. 

This is consistent with the bilayer diode results that showed that hole hopping is asymmetric, with 

holes moving more easily from PDPP3T to FTAZ than from FTAZ to PDPP3T. Ideally, the hole 

from the PDPP3T hops only once along the highest occupied molecular orbital (HOMO) energy 

cascade (See Figure 3.2) to the FTAZ and a hole from the PCBM hops once or at most twice and 

then remains within the FTAZ-rich phase until it reaches the electrode. Alas, in an FTAZ:PDPP3T 

alloy, a hole might be forced to hop back onto the lower energy HOMO of the PDPP3T, hop via a 

longer distance to the next FTAZ, or explore longer and more tortuous FTAZ pathways. 

Consequently, a miscible phase, i.e., a polymer alloy, is detrimental here for hole transport. This 

reduces the performance in the conventional ternary configuration of this system that could have 

been ideal when only considering the matched optical and electronic properties. We suspect that 

transport would be even more impacted if the hopping is more asymmetric in other material pairs 

that have a larger HOMO offset. 
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Figure 3.7. Hole mobility of polymer-polymer blends as a function of FTAZ volume fraction.  
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To verify the existence of an alloyed phase in conventional ternary blends, the ternary films 

were characterized using DSC. As shown in Figure 3.6c and Figure 3.6d, a similar trend of the 

melting point depression and melting enthalpy of PDPP3T are reflected in the DSC thermograms. 

The melting point depression offset of PDPP3T in the ternary blends compared to polymer-

polymer blends is due to the additional interaction of PDPP3T with PC71BM. The similar melting 

enthalpy of PDPP3T in polymer-polymer and ternary blends (Figure 3.6d) indicates that the 

degree of crystallinity of PDPP3T is primarily only affected by the presence of FTAZ, not by the 

PCBM. Furthermore, the melting transition signature disappears in all systems as the FTAZ 

content reaches about 50%. The similarities in melting enthalpy and melting point depression 

between the polymer binary and ternary samples indicate similar and dominant polymer-polymer 

interactions in all blends. Such a high degree of attractive interaction between the two polymers 

indeed leads to unfavorable polymer-alloy morphologies that might contribute to limiting device 

performance in the conventional ternary devices. 

Since FTAZ is not a semi-crystalline polymer, an FTAZ-based bottom BHJ film is thus more 

unstable when casting a second layer on top in a SeCaT device. This leads to inter-diffusion and 

mixing that is enhanced by the negative χ during the period the film is plasticized or dissolved, 

resulting in performance that is very similar to the conventional ternary system (See Figure 3.8 

and Figure 3.9). Open questions remain, though. For example, how much the negative χ 

contributes to this inter-diffusion and alloying and thus poor performances is currently unclear and 

requires further research. Conceptually, a high χ that would be deep in the 2-phase region should 

be significantly preferable and would lead to more stable “bilayers”. How common the alloying is 

in other ternary systems or even polymer-polymer binary systems is unclear, as this aspect has not 

been extensively studied previously.[54] Our results indicate that χ measurements in general, and 
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DSC measurements in particular, could be a useful screening tool in ternary PSC research. We 

note that estimates of χ from solubility parameters (χ = α/kT(δ1-δ2)2+0.34, where α is volume of 

one lattice segment, δ1 and δ2 are Hildebrand solubility parameters of component 1 and 2, 

respectively, and kT is the thermal energy),[55] would completely fail here as the method by 

definition only yields a positive χ. Even if Hansen solubility parameters are used, a negative χ is 

not possible within that framework. Such failure has been previously shown to occur when strong 

hydrogen bonds and polar interaction are present.[56] Our results and the likely presence of strong 

directional forces reinforces prior conclusions that the use of Hansen solubility parameters for PSC 

applications might be unreliable.[25,57]  
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Figure 3.8. (a) J-V curves, (b) EQE curves, and (c) UV-Vis absorption spectra of 

ZnO/FTAZ:PC71BM/PDPP3T:PC71BM SeCaT and binary PSCs. The legends show the donor 

materials in the films. All the donor materials were mixed with PC71BM. 
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Figure 3.9. DSIMS depth profile of (a) ZnO/FTAZ:PC71BM/PDPP3T:PC71BM SeCaT, (b-c) 

conventional ternaries PDPP3T:FTAZ (0.8:0.2):PC71BM, and PDPP3T:FTAZ (0.2:0.8):PC71BM, 

(d) FTAZ:PC71BM binary, and (e) PDPP3T:PC71BM binary films.  
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there are a number of high performing polymers that form semi-crystalline films and need to be 

processed by warm solution (~100 °C), and some of these polymers solutions rapidly gel upon 

cooling to room temperature, which could make them ideal candidates for the initial layer in 

sequential casting. Stabilization of the initial layer to subsequent casting might also be achieved 

by crosslinking.[62–64] In general, the more stable film can be either the larger or smaller bandgap 

material. If the more stable material has the higher lying HOMO, a regular device architecture is 

required. Conversely, for a lower HOMO, an inverted architecture is needed. This provides 

additional flexibility in designing SeCaT devices.   

We note that ternary devices need to use more chromophores and thus more materials 

compared to binary devices in order to yield higher current by extending the absorption range at 

comparable EQE. This results in thicker devices and invariably lowers the extraction field. The 

lower field and larger current both increase the charge density, which causes more recombination 

compared the reference binary devices. We observe this intrinsic challenge here, as the FF of the 

SeCaT device is slightly reduced relative to the thinner binary devices. Furthermore, while in a 

conventional ternary device with uniform vertical morphology, the transport for both charges 

needs to be optimized within the same blend across the full film. In contrast, the SeCaT device can 

achieve the optimized charge transport rather separately in the respective layers. For example, in 

inverted SeCaT devices, the top/back cell can be optimized for hole transport, while the 

bottom/front cell can be optimized for electron transport. This relaxes the constraint on the 

materials systems and will allow, in principle, for additional gains and optimization once the 

SeCaT principle is exploited more fully.  
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3.4 Conclusion 

In conclusion, we have developed a new concept in which stratified bulk heterojunction solar 

cell films were fabricated to enhance the optical spectral coverage in solar cells and have yielded 

improved performance (primarily from improved Jsc) with a materials system that fails as a 

conventional ternary device. The method should be general, but could be particularly useful for 

donors with disadvantageous molecular interactions that leads to the alloy blend formation[51,65–67] 

and in turn prevents the formation of a favorable phase-separated morphology in classic ternary 

blends. Our sequential deposition method offers an opportunity to utilize optically matched 

materials systems that fail in classic ternary systems, while retaining the potential for developing 

truly panchromatic, scalable and cheap organic solar cells. Moreover, the sequential casting 

method results in serial pseudo-bilayer devices that function like a current sum (three-terminal) 

tandem solar cell without requiring the middle electrode. Elimination of this electrode is a major 

advantage of our method over conventional tandem cells that require an additional laborious 

processing step to make such an electrode that should be both transparent and sufficiently 

conductive. Furthermore, classic tandem cells place enormous demands on processing control for 

each subcell in order to assure current matching of the two subcells. The SeCaT method not only 

has the potential to eliminate the demands of an electrode interlayer in tandem PSCs, but also 

overcomes adverse material interactions, i.e., negative χ, encountered in some ternary bulk 

heterojunction devices, and should provide a larger processing latitude. Our results will stimulate 

the synthetic community to design and synthesize materials that form dissolution-resistant BHJ 

solid films, thereby allowing printing of multilayered polymer solar cells without a need for 

orthogonal solvents. Alternatively, development of binary systems that can be cast from 

orthogonal solvents is also a future possibility. Our results also point out that χ is a material 
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parameter that should be more widely considered when designing or synthesizing materials and 

understanding ternary devices. Overall, the new fabrication method and/or accompanying 

materials screening methodology can improve the success rate of making SeCaT and/or 

conventional ternary devices with improved performance. 

 

3.5 Methods 

Device Fabrication: ITO substrates were cleaned by sequential sonication in DI water and soap, 

DI water, acetone, and isopropanol for 15 min in each step. Then, the substrates were dried under 

a stream of nitrogen and subjected to UV-Ozone treatment for 30 minutes. A ZnO transport layer 

was spin-cast on the ITO substrates at a spin-speed of 4500 rpm from a ZnO precursor solution 

(diethyl zinc) diluted with tetrahydrofuran with 1:5 ratios. It is worth mentioning that the dilution 

of diethyl zinc was performed in nitrogen-filed glove box to avoid the violent reaction of diethyl 

zinc with water and air making fire. Subsequently, the ZnO films were baked at 180˚C for 40 

minutes. The organic photoactive layers were applied in a glove box under nitrogen atmosphere.  

Sequentially Cast Ternary (SeCaT) devices: To fabricate ZnO/PDPP3T:PC71BM/FTAZ:PC71BM 

SeCaT polymer solar cells (PSCs) PDPP3T (5 mg ml-1) and PC71BM (10 mg mL-1) were co-

dissolved in o-dichlorobenzene (o-DCB) and spin-cast onto the ITO/ZnO substrate. FTAZ (6 mg 

ml-1) and PC71BM (12 mg mL-1) were co-dissolved in chlorobenzene (CB) and used to cast the 

second layer on top of PDDP3T:PC71BM front layer. Both solutions were stirred at 100 ˚C 

overnight, and 3% (volume) of 1,8-diiodooctane (DIO) was added to the solutions 30 minutes prior 

to casting layers. Between casting of the first and the second BHJ layers, there was about ~15 

minutes time delay to make sure the majority of the host solvent of the first layer has evaporated. 

During this time, the coated films were kept in petri dishes with open lids. The pseudo-bilayer 
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SeCaT films were vacuum dried at 30 mmHg for 30 minutes. The PDPP3T:PC71BM binary bulk 

heterojunction (BHJ) blend was spin-cast at 1000 rpm to form the active layer of the binary PSCs 

while it was spin-cast at 2000 rpm as a front layer in SeCaT devices. To fabricate the 

ZnO/FTAZ:PC71BM/PDPP3T:PC71BM SeCaT devices, o-DCB and CB were used to cast the first 

and second layers, respectively. FTAZ (6 mg ml-1) and PC71BM (12 mg mL-1) with 1:2 D/A ratio 

were co-dissolved in o-DCB. PDPP3T (4 mg ml-1) and PC71BM (10 mg mL-1) were co-dissolved 

in CB. The blends of FTAZ:PC71BM for binary and as a first layer of SeCaT devices were spin-

cast at 800 rpm, and 1200 rpm, respectively.  

Conventional ternary devices: Three ternary solutions with 0.2:0.8, 0.5:0.5, and 0.8:0.2 ratio of 

PDPP3T:FTAZ were prepared in DCB by keeping the whole polymer concentration at 5 mg ml-1 

for all three different ratios. Also, for all these three solutions, the donor:PC71BM ratio was kept 

at 1:2, which is the same as in the SeCaT devices.  

Hole-only Diode: Hole transfer between the two donors within the SeCaT solar cell demands a 

favorable energetic alignment between the two polymers for a given device architecture. The 

sequentially cast hole-only diodes were fabricated using a device with configuration of 

ITO/PEDOT:PSS 4083 (30 nm)/FTAZ/PDPP3T/MoO3 (10 nm)/Al (100 nm). For the devices 

studied here, hole current measured in hole-only diodes (Figure S2) shows charge transfer 

occurring between the two donor materials, although asymmetric current was observed for devices 

comprising FTAZ on the substrate and PDPP3T on the top. The hole transport confirms efficient 

flow of charges from PDPP3T to FTAZ in reverse bias (ITO connected to the negative terminal), 

while in forward bias (ITO is connected to the positive terminal) the flow was restricted due a 

lower highest occupied molecular orbital (HOMO) of PDPP3T relative to FTAZ. This result 
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suggests that the SeCaT PSC needs to be engineered with the structure that allows holes’ flow 

from PDPP3T to FTAZ to minimize hole accumulation in the bulk.  

 

 

 

 

 

Dynamic secondary mass spectroscopy (DSIMS): Here Bi+ was employed as primary ion and Cs+ 

was employed as sputtering source. Figure S5 shows the DSIMS result of the mixed and SeCaT 

films plus the binary blends used in this communication. Worth mentioning, in all the binary, 

conventional ternary and SeCaT films the polymer:PC71BM ratio was kept at 1:2. The presence of 

fluorine in FTAZ is one of the main differences in these two polymers. The other chemical 

structural difference is the presence of oxygen in PDPP3T and lack thereof in FTAZ. However, 

PC71BM also contains oxygen, which makes this element non-suitable to study vertical 

composition. These two polymers also comprise nitrogen in their chains, but the chain 

concentration of nitrogen in PDPP3T is more compared to that of FTAZ, and it can be used to 

analyze the vertical composition of SeCaT devices. The other component that can be used for 

vertical composition measurement is CNO, since it is more observable in PDPP3T:PC71BM due 

to the presence of higher amount of nitrogen along with oxygen within this layer. The difference 

in vertical composition of these two cases can be clearly seen in DSIMS data. The surface of 

ZnO/PDPP3T:PC71BM/FTAZ:PC71BM is fluorine-rich, as evidenced from a constant count of 

fluorine ions for nearly 400 s after which, its reduction was immediately followed by an increase 

in the number of CN and CNO counts over the next 300 s (beam reaches the ITO/ZnO surface). 

Based on these observations, it can be concluded that sequentially cast method is capable of 

creating a pseudo-bilayer structure with a mixed or rough region at the interface (about 15 nm, 

which is approximately close to the depth resolution of DSIMS ~10 nm) between the two BHJ 

layers. The rise in CNO counts after 700 s is duo to the bonds between CN and oxygen ions that 

were available from ZnO and ITO. On the contrary, the vertical morphology of the 



   

46 

 

ZnO/FTAZ:PC71BM/PDPP3T:PC71BM SeCaT film is nearly identical to that of the conventional 

ternary structure. In ZnO/FTAZ:PC71BM/PDPP3T:PC71BM SeCaT film, fluorine is observable on 

top surface and slightly increase towards the bottom, while the concentration of CN and CNO is 

almost uniform throughout the active layer thickness, which is due to mixing of the two polymers 

when PDPP3T:PC71BM is cast on top of FTAZ:PC71BM front layer. Although these two types of 

SeCaT solar calls were prepared from the same pair of solvents, the difference in structure shows 

that PDPP3T:PC71BM layer is more intact compared to FTAZ:PC71BM, and hence this a key 

parameter in fabricating efficient SeCaT PSCs. Worth noting, the presence of C9 cluster ions is 

associated to PC71BM domains in the binary, ternary, and SeCaT films. Respectively, the uniform 

depth profile of PC71BM in ZnO/PDPP3T:PC71BM/FTAZ:PC71BM SeCaT film represents the 

vertical continuity of PC71BM in this film. As control devices, conventional ternary PSCs were 

fabricated by mixing PDPP3T and FTAZ in weight ratios of 0.2:0.8, 0.5:0.5, and 0.8:0.2 in a 

common solvent. DSIMS data of conventional ternary, and binary BHJ films are shown in Figure 

S5b-e. As inferred from Figure S5b-e, the presence of CN, CNO, and F are constant throughout 

the films thickness for all the three ternary films in a similar fashion as in the 

ZnO/FTAZ:PC71BM/PDPP3T:PC71BM SeCaT film.  

Remarks on analysis of DSC data: Measurement of the melting point temperature (Tm) depression 

for blends was used to determine the Flory-Huggins interaction parameter (χ) of polymers in the 

melt state. The smaller the value of χ, the greater the polymer-polymer interaction and the larger 

the melting point depression. Equation 2 reflects the melting point depression of polymers in the 

presence of a miscible diluent, as derived by Nishi and Wang. 

1

𝑇𝑚
−

1

𝑇𝑚
0 = −

𝑅

𝛥𝐻𝑓

𝑣2

𝑣1
[
𝑙𝑛 𝜙2

𝑚2
+ (

1

𝑚2
−

1

𝑚1
) × (1 − 𝜙2) + 𝜒(1 − 𝜙2)

2]                                  (3.2) 
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Where subscript 1 is identified with amorphous polymer and 2 with the semi-crystalline polymer, 

Tm is the melting point of the mixture, Tm
0 the melting point of pure semi-crystalline polymer, R 

the ideal gas constant, ΔHf the melting enthalpy of pure semi-crystalline polymer, v is the monomer 

molar volume of the polymers, ϕ the volume fraction, and m the degree of polymerization. Since 

m1 and m2 are infinitely greater than 1 for polymer:polymer mixtures, equation 2 reduces to 

1

𝑇𝑚
−

1

𝑇𝑚
0 = −

𝑅

𝛥𝐻𝑓

𝑣2

𝑣1
𝜒(1 − 𝜙2)

2                                                                                                      (3.3) 

By neglecting the effect of entropy, 𝜒 can have the following form 

𝜒 =
𝐵𝑣1

𝑅𝑇⁄                                                                                                                                                (3.4) 

Substituting eq 4 into eq 3 yields  

1

𝜙1
[
1

𝑇𝑚
−

1

𝑇𝑚
0] = −

𝐵𝑣2

𝛥𝐻𝑓

𝜙1

𝑇𝑚
                                                                                                                  (3.5)  
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Chapter 4 

Quantitative interaction-miscibility-function relations in organic solar cells 

4.1 Preface 

 Controlling the molecular mixing between π-conjugated polymer donors and small-molecule 

acceptors is crucial for obtaining a favorable morphology and high device performance in organic 

solar cells. Although it is conceptually known that fundamental molecular interactions govern 

morphology formation and purity of the mixed domains and thus largely control the achievable 

device performance, quantifying interaction-function relations has remained elusive. Here, we first 

determine the temperature-dependent effective amorphous-amorphous interaction parameter, 

χaa(T), by mapping out the phase diagram of a model amorphous polymer:fullerene material 

system. We then establish a quantitative “constant-kink-saturation” relation between χaa and 

performance (i.e. fill factor) in organic solar cells that is verified in detail in a model system and 

delineated across numerous high and low performing materials systems. For our system of 

reference, a PCDTBT:PC71BM blend, we find that the device performance is in good agreement 

even for PCDTBT batches that have different molecular weights and show subtle differences in 

χaa(T). In a number of non-fullerene small molecule acceptor (SMA) systems and high-

performance fullerene systems, our model successfully relates interaction with performance and 

morphological characteristics. Our data reveal that high fill factor and thus better device efficiency 

are obtained only when χaa is large enough to lead to strong phase separation. Furthermore, 

computational results from atomistic molecular dynamics simulations are in good correspondence 

with χaa(T) measurements. Our work outlines a basis for using various miscibility tests and future 

simulation methods that will significantly reduce or eliminate trial-and-error approaches to 

material synthesis and device fabrication of functional semi-conducting blends and organic blends 
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in general.  

 Harald Ade and Henry Yan conceived the general idea of the work. I, Long Ye, and Huawei 

Hou equally contributed to this work. I designed and performed the SIMS experiments and convert 

the SIMS compositions to at different temperatures to χ(T) using a normalization method which 

was proposed by me for the first time. I also did the complementary DSC measurements of the 

model system used in this study. This work was published in Nature Materials (DOI: 

10.1038/s41563-017-0005-1)   

 

4.2 Introduction 

       Using two or more materials in organic blends is a strategy for engendering synergistic or 

even emergent properties, for instance when blending an electron-donating and an electron-

accepting material to achieve charge separation after photoexcitation. Considering the multi-

functional properties (structural, optical, electronic, thermal, dielectric, textural, etc.) and structural 

complexity of each constituent and combined organic compounds, it is thus not surprising that the 

diverse applications of blending organic compounds range from organic solar cells (OSC)[1] to 

organic light-emitting diodes (OLED)[2], organic field-effect transistors (OFET)3, and ferroelectric 

devices[4]. Particularly, the field of OSC has progressed much since the introduction of the bulk 

heterojunction (BHJ)[5], with ~12-13% efficiency and environmentally friendly processing for 

single-junction devices now possible[6-10]. However, the current structure-function analysis 

provides mostly “post-mortem” morphology characterization and heuristic correlations to 

processing conditions[5]. Such efforts often only give ad-hoc explanatory and not yet predictive 

quantitative relations [11-14] as the link to a controlling and independently measurable variable is 

missing. The resulting wide-spread trial-and-error approach has been labor intensive and restrained 

https://doi.org/10.1038/s41563-017-0005-1
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progress. Considering the large number (>1000) of possible polymer:small molecule pairs, 

identification of a measurable material parameter that controls morphology is emerging as an 

important field of study to complement the more heuristic approaches of combinatorial chemistry 

and combinatorial device optimization.  

       The morphology of polymer:small molecule blends is a complicated landscape with several 

possible scenarios. The use of an amorphous donor in BHJ yields a simple morphology consisting 

of two phases, a nearly pure amorphous small molecule phase and a mixed phase, while the use of 

a crystalline donor polymer yields a third phase (pure polymer domain). In either of these two 

cases, the domains of the mixed phase play a critical role in determining the performance of the 

OSCs with possible positive or negative effects, as a “double-sided sword”. While the mixed phase 

is usually beneficial for charge separation and thus high short-circuit current, low domain purity 

is expected to lead to increased charge recombination and low fill factor (FF)[15-17]. Thus, it is of 

vital importance to understand the formation mechanism and purity of the mixed phase in OSCs. 

The crucial role of Flory-Huggins interaction parameter (χ) as the controlling parameter for phase 

behavior (i.e. miscibility) in amorphous systems has been known for many years, however, there 

are genuine difficulties[18-20] in measuring its temperature dependence, χ(T), readily. Furthermore, 

the χ(T) values for organic blends in actual devices at a certain operating or processing temperature 

are generally not known, which largely limits our understanding of the thermodynamic driving 

forces of the complex morphology formations and thus the rational design of the best processing 

strategy as well as morphological and operating stability[21]. The concept of χ (or molecular 

interaction) and its impact on phase purity has been referred to before in the OSC literature[20, 22-

26], for instance, by Lyons et al who simulated the impact of domain purity on charge creation, but 

without explicit quantitative reference to χ.22 In addition, the amorphous-amorphous interaction 
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parameter χaa and its temperature dependence χaa(T) have not been determined nor related in a 

general, let alone quantitative, way to the actual processing conditions, phase purity, and 

performance over a single material system or a fortiori a range of material systems.  

        Here, we address this issue via experimental and theoretical investigations of a model 

amorphous system and a range of polymer:SMA systems comprised of semi-crystalline donors. 

We not only develop a quantitative approach to accurately determine χaa(T), but are also able to 

establish a quantitative relation between χaa(T), domain purity and device performance. To reduce 

morphological complexities, we first study in considerable details a model amorphous system 

(PCDTBT:PC71BM) with a relatively simple two-phase morphology. To establish a link to 

thermodynamic parameters, we directly measure the device-relevant phase diagrams for 

PCDTBT:PC71BM blends by secondary ion mass spectrometry (SIMS), which further allows us 

to determine χaa(T). Then we observe a characteristic “constant-kink-saturation” relation between 

device FF and χaa(T). Considering that the FF of OSC devices has a strong dependence on the 

domain purity of the mixed phase (FF scales with the root-mean-square of composition), we build 

a quantitative model that can correlate interaction, miscibility and device performance (χaa-root-

mean-square composition variations-FF). Furthermore, our computational results from atomistic 

molecular dynamics simulations confirm the transition temperature and phase behavior of the 

χaa(T) measurements. The general validity of our model relating FF and χaa is found to be also 

applicable when considering semi-crystalline donors and the characteristics of 15 OSC blends that 

span a range in performance from poorly performing systems to state-of-the-art non-fullerene 

OSCs. Concurrently with extending our model to these 15 systems, we explore the possibility of 

using simple differential scanning calorimetry (DSC) tests for rapid χaa screening of semi-

crystalline systems. Our data reveal that high FF and thus better device efficiency are obtained 
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only when χaa is large enough to lead to strong phase separation with high purity of the mixed 

domains, with the highest χaa demonstrated by the record-efficiency fullerene-based OSC 

(PffBT4T-C9C13:PC71BM)[6] and ~11%-efficiency fullerene-free system (PTFB-O:ITIC-Th)[27]. 

We anticipate that fast and precise determination or modeling of χaa(T) will allow the prediction 

of the thermodynamically achievable purity of the mixed domains and thus maximum FF possible 

for a given material system before any laborious device optimization and complex synthesis are 

attempted. 

 

4.3 Results and Discussion 

4.3.1 Determination of Phase Diagram and χaa(T) in a model amorphous 

reference system  

         To determine the phase behaviors of OSC blends quantitatively and understand its impact, 

we use as a model system the benchmark PCDTBT:PC71BM blend (chemical structures are shown 

in Figure 4.1a), which has shown an internal quantum efficiency near 100% and lifetime up to 7 

years.[28, 29] The main reason for this choice is that, since PCDTBT and PC71BM are amorphous in 

device active layers[30], the complexities of the achievable morphology are reduced compared to 

semi-crystalline donors. In such a two-phase morphology (Figure 4.1b), an amorphous, nearly 

pure PC71BM-rich phase and a polymer-rich mixed phase are formed, with a polymer volume 

fraction of ϕ1 and ϕ2, respectively. Due to the asymmetric molecular weights (MWs) of the 

constituents, the PC71BM-rich phase is nearly pure; therefore, it is the purity of the polymer-rich 

mixed phase that largely controls the bimolecular recombination and thus device FF[15-17, 31, 32]. 

The maximum achievable purity in the amorphous mixed domain is determined by the binodal 

composition along the coexistence curve of the phase diagram. We use a bilayer inter-diffusion 
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experiment (Figure 4.1b)[14, 33] monitored with time of flight SIMS to determine the more sensitive 

and more readily accessible polymer volume fractions ϕ2 of the polymer-rich mixed phase, thus 

mapping out the phase diagram of the PCDTBT:PC71BM system. By annealing the bilayer film 

above the glass transition temperature of the donor polymer, the PC71BM diffuses readily into the 

polymer and a polymer-rich mixed phase is formed. By measuring the C2N- molecular fragment 

that selectively traces PCDTBT from SIMS, we can accurately obtain the volume fraction of the 

polymer in the polymer-rich mixed phase (since the polymer is amorphous, the mass normalized 

composition represents the amorphous-amorphous equilibrium composition and can be directly 

interpreted as the binodal composition ϕ2 of the polymer-rich mixed phase). This allows us to 

directly determine the device-relevant phase diagram (Figure 4.1c-d and supplementary Figure 

4.2a-b) of two different PCDTBT batches (hereafter referred to as Batch 1 and Batch 2). We note 

that measuring ϕ1 would yield little information since the volume fraction of the polymer in the 

fullerene-rich phase is very low for device relevant MW PCDTBT (ϕ1 < 0.01, see Figure 4.1d). 

Therefore, in the following discussion, we focus on the polymer-rich mixed phase of the phase 

diagram. 

       The successful mapping of the most significant part of the T-ϕ phase diagram, where the 

binodal changes rapidly, allows us to determine the temperature dependent interaction parameter 

χaa(T) parameterized by the Flory-Huggins theory with the MWs and densities of PCDTBT and 

PC71BM. With the available data for T and ϕ in Figure 4.1d and for χaa and ϕ in Figure 4.1e, we 

can build a relationship between χaa and T. Assuming the general formula χaa(T)=A+B/T[18,19,38], 

combining the data shown in the figures, we extract the χaa(T) values as -1.63+1025/T and -

2.21+1294/T (T in Kelvin) for Batches 1 and 2, respectively; these characteristics make these 

blends appropriate as model systems since measurements within experimentally accessible 
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temperatures can probe wide interaction and binodal-composition ranges. Importantly, our method 

is capable of detecting the subtle difference in χaa(T) from different PCDTBT batches. 

Furthermore, we note that the MWs for two batches determined from binodal fitting of the SIMS 

data are consistent with the values from gel permeation chromatography measurements (Table 

4.1), which underlines the sensitivity of the measurements even to MW. Since the χaa(T) of the 

PCDTBT:PC71BM blend varies substantially with temperature, it is necessary and opportune to 

delineate the critical role of χaa(T) in the device performance and its relation to the morphology. 
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Figure 4.1. (a) Chemical structure and OSC device configuration of the model system 

PCDTBT:PC71BM. (b) Schematic illustration of OSC device that has two-phase morphology (the 

polymer volume fractions ϕ1 and ϕ2 of the fullerene-rich phase and polymer-rich mixed phase, 

respectively) and bilayer inter-diffusion experiments where the binodal compositions can be 

detected. (c) Mass-normalized SIMS profile of PCDTBT (Batch 1)/PC71BM bilayers as a function 

of annealing temperature. d, Device relevant phase diagram of the PCDTBT:PC71BM blend. Red 

and blue lines indicate the binodal, i.e. the metastable miscibility gap, that has been parameterized 

and extrapolated using Flory-Huggins theory. 
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Figure 4.2. (a) Mass and yield normalized SIMS profile of PCDTBT (Batch 2)/PC71BM bilayers 

as a function of annealing temperature. TA represents thermal annealing; (b) Device relevant phase 

diagram of the PCDTBT:PC71BM blend established from the SIMS average composition of the 

polymer-rich layer. Solid lines indicate binodal/metastable miscibility gap that has been 

parameterized using FH theory. Bilayer samples were annealed at different temperatures for 5 

minutes.  
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Table 4.1. Results of fitting the binodals with in Figure 4.1c with different MWs. Here a fit to 

χaa(T)=A+B/T was applied. 

Material MW[a] A B R-squared[b] 

Batch 1 

 30 kDa -1.22 866 0.9878 

40 kDa -1.35 916 0.9898 

50 kDa -1.43 945 0.9898 

60 kDa -1.50  975 0.9910 

70 kDa -1.55 993 0.9915 

80 kDa -1.59 1010 0.9917 

90 kDa -1.63 1025 0.9934 

Batch 2 

 30 kDa -2.03 1229 0.9972 

40 kDa -2.13 1266 0.9974 

50 kDa -2.21 1294 0.9986 

60 kDa -2.23 1304 0.9985 

70 kDa -2.32 1341 0.9985 

80 kDa -2.33 1341 0.9984 

[a] Binodal (χaa) can be simulated for a given polymer MW; [b] R-squared is a statistical measure 

of how close the data are to the fitted regression line. It is also known as the coefficient of 

determination, or the coefficient of multiple determination for multiple regression.  

 

4.3.2 Quantitative link of χaa(T) to device performance and morphology 

  To establish quantitative relations between χaa(T) and device performance, we fabricated 

PCDTBT:PC71BM devices using established protocols[35], and determined their J-V characteristics 

(see Figure 4.3). As a function of annealing temperature, the FF of the corresponding devices 

changes substantially, whereas the open-circuit voltage and short-circuit current density vary less. 

Both batches show the same overall changes and yet systematic differences with T as shown in 

Figure 4.4a. An interesting, well-defined curve between FF and 1/T with a constant-kink-

saturation shape if observed. Importantly, when the FFs of the PCDTBT:PC71BM devices 

processed at different temperatures are plotted against χaa(T), the FF dependences of both batches 

essentially collapse onto the same master curve with the same threshold χt and governed by 
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√(ϕ0 − ϕ1) (ϕ2 − ϕ0) (Figure 4.4b); there is just a small residual difference in scaling factor k 

between them, which relates to the maximum FF observed. This FF={k√(ϕ0 − ϕ1) (ϕ2 − ϕ0)+ 

const} master curve is not merely a guide to the eye but represents a theoretical curve derived from 

the χaa-ϕ phase diagram as delineated below.  

 

Figure 4.3. (a-b) Typical J-V curves of the PCDTBT (Batch 1):PC71BM and PCDTBT (Batch 

2):PC71BM films annealed at different temperatures under illumination with AM 1.5G solar 

simulated light (100 mW/cm2); (c) device Jsc and (d) Voc of PCDTBT:PC71BM films as a function 

of χaa. Red and blue spheres represent Batch 1 and Batch 2, respectively. It is obvious that both 

Jsc and Voc are less sensitive to χaa compared with device FF. 

 

The characteristic constant-kink-saturation shape can be readily understood. For χaa within the 

one phase region, no phase separation is expected, resulting in a completely mixed blend and 
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unchanging device performance. A sharp increase in FF occurs as the phase separation sets in 

above the threshold χt (~0.72) and a subsequent leveling off is observed as χaa increases further 

(Figure 4.4b), with FF close to 57% for the highest χaa, whilst the lowest χaa corresponds to the 

worst FF of ~40%. Most notably, excellent agreement is observed in both data sets in terms of 

threshold χt and shape with the novel quantitative model based on the binodal compositions ϕ1 and 

ϕ2, that are encoded by χaa. We note in particular that the threshold χt is not a fitting parameter, but 

derived from the phase diagram shown in Figure 4.1c. The performance can only be fully 

understood when viewed in the context of the derived master curve and its underlying 

thermodynamic properties.   

To establish the underlying quantitative relation between χaa and morphology and by extension 

explain the constant-kink-saturation relation to FF, we determine the phase purity with R-SoXS[36] 

acquired at ~284 eV (Figure 4.4). Thickness-normalized R-SoXS profiles shown in Figure 4.5c 

confirm that the initial phase separation of the devices cast at room temperature is reversed when 

devices are annealed in the one-phase region above 200 oC; only a featureless profile with a sloping 

background and low scattering intensity is observed once devices are annealed at that temperature. 

The integrated scattering intensity (ISI) of the R-SoXS profiles (see shaded area in Figure 4.5c as 

an example) as a function of χaa (Figure 4.5d) varies continuously, clearly demonstrating that the 

initial phase separation present in the as-cast, high χaa, devices (with highest FF) is progressively 

reversed due to thermodynamically driven mixing and decreasing domain purity at higher 

annealing temperatures. Importantly, the same threshold at χaa= 0.72±0.01 is observed in the ISI-

χaa plot (see Figure 4.5d), and the functional dependence (ΔISI∝(ϕ0-ϕ1)(ϕ2-ϕ0), the solid line in 

Figure 4.5d) is derived from the same model used for the FF-χaa relations in Figure 4.5b and 
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described in detail below. Excellent experimental agreement with the quantitative model is 

achieved for the two-phase conditions.  

  

Figure 4.4. Material contrast of the PCDTBT:PC71BM blend as a function of photon energy. 

Maximum material over vacuum contrast can be obtained at ~284 eV. 
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Figure 4.5. (a), device FF of PCDTBT:PC71BM films cast at room temperature from the fast-

drying solvent chloroform, subsequently annealed for a constant time (10 minutes) as a function 

of annealing temperature as indicated. (b), Device FF of PCDTBT:PC71BM films as a function of 

χaa. Red and blue spheres represent Batch 1 and Batch 2, respectively. The solid curved lines are 

directly derived from a [FF=k√(ϕ0 − ϕ1) (ϕ2 − ϕ0)+const] model that is based on the binodal 

ϕ1 and ϕ2 encoded by χaa. c, Lorentz-corrected R-SoXS profiles of PCDTBT:PC71BM films with 

χ=1.19 (annealed at 90 oC) and χ=0.54 (annealed at 200 oC), i.e. in the two-phase and one-phase 

region, respectively. The area under the curve is the integrated scattering intensity (ISI). (d), Plot 

of relative ISI acquired from R-SoXS against χaa for PCDTBT (Batch 1):PC71BM films. ISI of the 

film processed at 20 oC is set to 1. The solid red curved line is directly derived from a quantitative 

model with ∆ISI = k′(ϕ0 − ϕ1)(ϕ2 − ϕ0), where k’ is a scaling factor, as delineated below.  
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4.3.3 A quantitative interaction-function model with constant-kink-saturation 

signature 

         To explain the observed quantitative interaction-function relations in the PCDTBT:PC71BM 

model system, we describe here a model regarding the role and composition of mixed domains 

and their relation to the binodal, i.e. χaa, and FF in BHJ blends within the framework of Flory-

Huggins solution theory. Despite known limitations, the Flory-Huggins theory remains the most 

widely used theory to describe the thermodynamics of demixing in binary polymer systems and 

understand semi-conducting systems such as OSC blends[12, 24, 26, 37]. It is common practice to 

project all non-Flory-Huggins imperfections of the phase behavior of a system such as ours into 

the more flexible temperature dependence of an effective χ(T)=A+B/T [18, 19, 38]. We thus use Flory-

Huggins to parameterize the binodal measurement in Figure 4.5d, and in turn to model the 

universal χ-ϕ phase diagram and its dependence on MW. As illustrated in Figure 4.1e, a χaa above 

a threshold χt (corresponding to the binodal coexistence composition for a given overall blend 

ratio) is required for the blend to separate into a nearly pure small molecule-rich aggregated phase 

(ϕ1) and a more evenly mixed polymer-rich phase (ϕ2) with the sharpness of the interface also 

determined by χ[39]. If the polymer does not aggregate/crystallize, as in our model system, the 

situation is simple and at most a two-phase morphology with amorphous domains results (in 

practice for PCBM-based OSCs, the crystallization of PCBM is always suppressed and unwanted 

in devices). The higher χaa, the higher the possible purity of the mixed phases.     

Our model has two simple ingredients: (1) the ISI measures the mean-square variations of the 

composition and (2) changes in FF are governed by the root-mean-square variations of the 

composition, i.e. FF scales with ΔISI1/2. It is derived and motivated as follows. In a two-phase 

morphology with the phase composition determined by the binodal curve, the expected ΔISI of an 
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R-SoXS experiment caused by the phase separation can be calculated by ΔISI∝(ϕ2-ϕ1)2φ1φ2
[40], 

where ϕ2-ϕ1 is the scattering contrast, ϕ1 and ϕ2 are the binodal compositions of donor polymer in 

the two phases and φ1 and φ2 the respective volume fractions. These volume fractions obey the 

lever rules and all variables depend on χaa. Using the lever rule and volume conservation, it can be 

shown that ΔISI is equivalent to the mean-square variations (ϕ − ϕ1)
2φ1 + (ϕ2 − ϕ)2φ2 and 

scales with (ϕ0 − ϕ1)(ϕ2 − ϕ0) . The results as a function of MW are shown in Figure 4.5e. 

Conceptually, after entering the two-phase regions, phase separation is initially pronounced; 

however, the impact on purity asymptotes for large χaa as nearly pure polymer-rich amorphous 

domains is achieved. This dependence results in a sharp increase in domain purity and thus mean-

square variations and scattering intensity just above the threshold χt, which later levels off. For a 

given χaa inside the two-phase region, a higher MW polymer will result in a higher ΔISI and lower 

χt. To model the FF from the phase diagram, we make use of the previously frequently observed 

linear relations16, 17, 31 of FF with ΔISI1/2, the root-mean-square variation (i.e., the standard 

deviation) of the scattering intensity. The plot of ΔISI1/2 or device ΔFF versus χaa also shows a 

similar, but slightly sharper constant-kink-saturation signature (Figure 4.5f). These relations form 

the basis for the master curves FF=k√(ϕ0 − ϕ1) (ϕ2 − ϕ0)+const and ∆ISI = k′(ϕ0 −

ϕ1)(ϕ2 − ϕ0) respectively used for the fits in Figure 4.5b and Figure 4.5d with only a scaling 

factor and offset used for FF and only a scaling factor used for ISI, respectively. Overall, this 

quantitative model exhibits constant-kink-saturation relations for both ΔISI-χaa and ΔFF-χaa.  

 

4.3.4 Simulations of phase behaviors of model systems 

As a complement and confirmation to the above experiments, as well as an effort to advance 

eventual in silico predictions, atomistic molecular dynamics (MD) simulations (Figure 4.5a) were 
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performed to evaluate the thermodynamic behavior of PCDTBT:PC71BM. The enthalpy of mixing 

H= [Hblend-H1-H2] can be deduced from MD simulations on the blend and pure components to 

determine Hblend, H1, and H2, respectively. These MD simulations start from a homogeneous 

morphology at very high temperature; this high-temperature morphology is rapidly quenched to 

room temperature and further annealing steps can then be considered, see the Methods section. As 

shown in Figure 4.5b, when considering high annealing temperature, there occurs no significant 

difference in H/T values between the quenched and further annealed morphologies, which points 

to the blends remaining in such instances as a homogeneous mixture. In contrast, a clear difference 

is observed between the quenched and annealed morphologies when the annealing temperature is 

below ~80 +/-10 oC; importantly, this identifies a transition from a homogeneous state to a phase-

separated state, with clear upper critical solution temperature (UCST) behavior consistent with our 

experimental results.  

 

Figure 4.6. (a), Initial simulation model for the PCDTBT:PC71BM blend. Here, 40 PCDTBT chains (each 

consisting of 8 repeat units) and 436 PC71BM molecules were used to prepare a 1:2 w/w PCDTBT: PC71BM 

mixture. (b), ΔHmix/T and ΔH/T from atomistic MD simulations as a function of T derived from conditions 

that mimic quenching and annealing processes, respectively. The grey band represents variations of the 

transition points. 
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Additionally, our framework can explain at least partly why the transition temperature from 

MD simulations shifts to a lower temperature. As shown in Figure 4.4f, χt of a given blend ratio 

depends on the polymer MW, and increases from ~0.7 to ~1.0, for the MWs used for the devices 

(50~90 kDa) and simulations (~6 kDa), respectively. When adjusting for MW in the FF-χaa plot, 

the experimentally observed transition at ~170+/-10 oC yields a much lower transition temperature 

of ~110+/-10 oC, remarkably close to that observed in the simulations. The consistent observations 

from experiments and simulations thus lend strong support to the validity of our model and show 

the potential for simulations to predict phase behavior.  

 

4.3.5 χaa-ISI and χaa-FF relations in many systems comprising semi-crystalline 

donors 

Having shown that even subtle differences in χaa(T) can be measured and its impact on FF 

observed and quantitatively modeled in amorphous systems, we explore the general validity and 

extension of our framework for semi-crystalline donors. We also concurrently explore the 

possibility for a simple χaa screening tool prior to detailed χaa(T) determination or extensive device 

optimization efforts by utilizing an alternative, simpler and more readily available χaa measurement 

approach than SIMS. DSC melting point depression tests can be used to measure χaa near the 

melting temperature of crystalline polymers, Tm, (Equation 4.1) following the Nishi-Wang 

approach [41]. This χaa(Tm) derived from relatively quick DSC measurements (Table 4.2) might be 

used as a proxy for χaa(T) when such data are unavailable. Since no explicit χaa(T) is available from 

DSC, we establish an approximate general ISI-χaa relation by spanning a range of χaa(Tm) estimates 

using several polymer:SMA systems that span a wide range in performance. The five SMAs 

include IEIC, SF-PDI2, TPE-PDI4, diPDI and ITIC-Th and are representative of the nonfullerene 
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acceptors explored in the OSC community [10,42]. Most importantly, these materials exhibit 

significantly different molecular interactions with an identical host polymer as observed by their 

melting temperature depression (see Figure 4.6). The ISIs of the polymer:SMA blends were 

quantified with R-SoXS (Figure 4.7).  

𝜒 = [𝜑𝑠 − (
1

𝑇𝑚
−

1

𝑇𝑚
0)

∆𝐻𝑢

𝑅
(
𝑉𝑠

𝑉𝑢
)] /𝜑𝑠

2                                                                    (4.1) 

 

 

Figure 4.7. Heat-only DSC thermograms of pure PffBT-T3 polymer and PffBT-T3:SMA blends 

(polymer mass basis).  
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Figure 4.8. Thickness/absorption normalized and Lorentz corrected R-SoXS profiles of the six 

polymer:SMA systems acquired at 283.4 eV. We note that PffBT-T3:TPE-PDI4 behaved rather 

differently. It is the only system that does not converge with the others at high q. We believe this 

is due to a decreased volume fraction of polymer crystals in the thin film due to the low χ of this 

system.  

 

Table 4.2. Photovoltaic parameters, χ(Tm) parameters, and ISIs of the polymer:SMA pairs. 

No. Material Systems 
Thickness 

[nm] 

Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE[a] 

(%) 
χaa(Tm) [b] ISI 

1 PffBT-T3:IEIC 95 1.04 12.6 58.7 7.7 (7.4) 1.08 0.83 

2 PffBT-T3:SF-PDI2 95 1.03 12.3 49.2 6.2 (6.0) 0.70 0.52 

3 PffBT-T3:TPE-PDI4 108 1.02 11.5 48.4 5.7 (5.5) 0.23 0.32 

4 PffBT-T3:diPDI 90 0.86 12.8 46.0 5.1 (4.9) 0.83 0.56 

5 PTFB-P:ITIC-Th 86 0.92 15.5 64.5 9.2 (8.6) 1.01 0.91 

6 PTFB-O:ITIC-Th 99 0.92 17.1 67.9 10.9 (10.7) 1.70 1.00 

[a] The values in parentheses stand for the average PCEs from over 10 devices; [b] χaa(Tm) is the 

values estimated at melting points. 

All donor polymers are semi-crystalline and have a similar structure. Even in a three-phase 

morphology present in crystalline systems, the thickness and contrast normalized ISI scales with 

the mean square variation (variance) of the composition. When the ISI of PTFB-O:ITIC-Th is used 
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as a reference, i.e. set to 1, the blends based on the other three PffBT-T3:SMAs only exhibit a 

relative ISI of about 0.32-0.56 compared to PffBT-T3:IEIC (0.83). The PTFB-O:ITIC-Th blend 

with the most repulsive interaction, i.e. high χaa, exhibits the smallest extent of polymer:SMA 

intermixing, leading to the purest mixed domains. Notably, the relative ISIs of the PffBT-T3:SMA 

pairs are quite reproducible from three independent beamtimes. As shown in Figure 4.8b, we plot 

relative ISIs of the six polymer:SMA systems versus χaa(Tm) measured by DSC, and excellent 

consistency with the constant-kink-saturation expectations is achieved with low data scatter.  
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Figure 4.9. (a), Chemical structures of all the donor polymers and SMAs used for devices and 

systems analyzed by DSC. (b), Plots of ISI as a function of χaa(Tm) of six representative 

polymer:SMA pairs. Error bars of ISIs for system 1-4 are based on averages from three different 

synchrotron experimental runs. c, χaa(Tm) parameters estimated from DSC and its relation to device 

FFs for 15 pairs of polymer:SMA or polymer:fullerene systems as indicated. FFs from 

polymer:SMA devices discussed in detail below with films ~ 100 nm thick. FFs from fullerene 

devices are from recent literature on high-performance fullerene devices, ~200 nm thick. For the 

conceptual constant FF at low χaa, we have used the FF average of systems 2, 3, 4, and 9. The 

materials systems with blue numbers correspond to the systems shown in Figure 4.5b. The red 

solid lines in both (b) and (c) are directly derived from the phase diagram assuming linear FF-ISI1/2 

relation for (c). The dashed lines are conceptual and guided by the constant-kink-saturation model 

expectations. 

The ISI-χaa relation in the SMA systems being consistent with a constant-kink-saturation 

signature motivated us to elucidate the relationship between χaa(Tm) and FF, similar to the model 

PCDTBT:PC71BM system. To do so, we complement the above polymer:SMA systems shown in 

Figure 4.8b with additional SMA and fullerene-based systems that span a range in performance 
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and measure their χaa(Tm) but use the reported FFs of these additional systems. The corresponding 

χaa(Tm) values and device parameters of the 15 materials sets are shown in Tables 4.3and Table 

4.4. Overall, even though FF depends on many variables that were not controlled and the DSC 

were measured for simplicity at the D/A ratio of the devices without determining the eutectic 

composition and are thus only an estimate, the FF-χaa(Tm) plot of these systems show a general 

relation that matches well with our constant-kink-saturation model (Figure 4.8c), particularly for 

the non-fullerene systems. Importantly, this confirms the applicability of that framework to other 

systems in spite of expected variations. FF, for example, depends on thickness, mobility, and 

quality of the interface layers; none of these factors have been normalized out rigorously at this 

point. Furthermore, all systems have been optimized for PCE and are not necessarily processed so 

that the mixed domains reach the binary composition. For example, it is known that the high χ 

PffBT4T-2OD:fullerene systems have been quenched into a kinetically trapped state for optimized 

PCE with a root-mean-square variation of the device composition ~10% smaller (i.e. less pure 

mixed domains) than that corresponding to the asymptotic value achieved with longer annealing.43 

As χaa is typically temperature dependent7, 12, 19, 20 and here χaa is measured at Tm, differences in 

this temperature dependence may also partially account for the variation in our χaa(Tm)-ISI or 

χaa(Tm)-FF plots in Figure 4.8. Even though the data scatter in Figure 6.8b is much lower than 

that in Fig. 5c, ISI tracks FF quite well, with the notable exception of the PffBT-T3:TPE-PDI4 

system which has unexpectedly low ISI. For this particular PffBT-T3:TPE-PDI4 system showing 

low ISI, the most likely explanation might be the low χaa in this system, and thus a relatively 

favorable interaction between polymer and SMA might reduce the crystallinity of PffBT-T3 which 

in turn lowers the R-SoXS scattering intensity. Despite these various factors that introduce 
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uncertainties, overall, a remarkably strong positive relation and clustering that follow a constant-

kink-saturation FF-χaa relation are observed.  

 

Table 4.3. Estimation of χaa(Tm) of 15 OSC active layers from the DSC data measured in this work. 

System 
Tm

0 

[oC] 

Tm 

[oC] 

Vu 

[cm3/mol] 

Vs 

[cm3/mol] 
χaa(Tm)[a] 

PffBT-T3:IEIC 250 240.1 1505 1641 1.08 

PffBT-T3:SF-PDI2 250 235.5 1505 1918 0.70 

PffBT-T3:TPE-PDI4 250 237.3 1505 3345 0.23 

PffBT-T3:diPDI 250 231.4 1505 1257 0.83 

PTFB-P:ITIC-Th 276.1 259.5 1154 1261 1.01 

PTFB-O:ITIC-Th 276.7 270.3 1154 1261 1.70 

PffBT4T-2OD:PC71BM 280.5 267.2 921 793 1.36 

PffBT4T-2OD:SF-PDI2 280.5 262.3 921 1918 0.25 

PffBT4T-2DT:PC71BM 252.5 243.1 1019 793 1.56 

PDPP3T:PC71BM 293.9 285.0 721 793 1.39 

PffBT4T-C9C13:PC71BM 263.9 252.6 970 793 1.70 

PffBTT2-DPPT2:PC71BM 278.3 265.3 1136 793 1.53 

PTFB-P:PC71BM 276.1 267.3 1154 793 1.70 

PffBT-T3:PC71BM 250 240.7 1505 793 1.60 

[a] estimated at melting points. 
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Table 4.4. Photovoltaic parameters of 15 OSC systems 

System 
Voc 

[V] 

Jsc
 

[mA/cm2] 

FF 

[%] 

PCE[a] 

[%] 

Thickness 

[nm] 
Ref. 

PffBT-T3:IEIC 1.04 12.6 58.7 7.7 (7.4) 95 This work 

PffBT-T3:SF-PDI2 1.03 12.3 49.2 6.2 (6.0) 95 This work 

PffBT-T3:TPE-PDI4 1.02 11.5 48.4 5.7 (5.5) 108 This work 

PffBT-T3:diPDI 0.86 12.8 46.0 5.1 (4.9) 90 This work 

PFBT-P:ITIC-Th 0.92 15.5 64.5 9.2 (8.6) 86 This work 

PFBT-O:ITIC-Th 0.92 17.1 67.9 10.9 (10.7) 99 This work 

PffBT-T3:ITIC-Th 0.88 14.9 62.1 8.1 94 This work 

PffBT4T-2OD:PC71BM 0.77 18.4 74.0 10.5 300 [43] 

PffBT4T-2OD:SF-PDI2 0.97 6.9 43.1 2.9 100 This work 

PDPP3T:PC71BM 0.66 15.4 65.9 6.6 120 [44] 

PffBT4T-2DT:PC71BM 0.76 16.2 62.1 7.6 230 [45] 

PffBT4T-C9C13:PC71BM 0.78 19.8 73.0 11.7 350 [7] 

PffBTT2-DPPT2:PC71BM 0.81 17.1 61.0 8.63 100 [46] 

PFBT-P:PC71BM 0.81 12.9 72.2 7.5 100 [27] 

PffBT-T3:PC71BM 0.82 18.9 68.8 10.7 250 [47] 

[a] The values in parentheses stand for the average PCEs from over 10 devices. 

 

4.4 Discussion 

Overall, a consistent constant-kink-saturation signature is observed across an amorphous 

model system as well as a number of semi-crystalline systems. The excellent quantitative 

agreement between measurements and model for the amorphous PCDTBT:PC71BM system above 

χt in Figure 4.4b and Figure 4.4d indicates that the experimental determination of the binodal with 

SIMS and the parameterization with χaa(T) has high accuracy and full device relevance. The very 

close similarity of the data pattern in relation to the model curves when comparing Batch-1 data 

in Figure 6.2b and Figure 6.2d is striking and likely tracking variations in device fabrication. The 

overall consistency also confirms a linear or near-linear relation between FF and ISI1/2 in 

PCDTBT:PC71BM, making it an ideal model system to study recombination as a function of 

measured domain purity. Despite the experimental limit of qmax, the FF-ISI1/2 correlation extends 
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to the constant behavior below χt. The square root relation between ISI and FF is closely observed 

even for the constant part of the observed relations (in which case, we are dealing with a fully 

mixed state that is irrelevant to practical OSCs and not a focus here). We also note that our model 

implies that the optimal composition at any given processing temperature for best FF, but maybe 

not for best absorption, should be where ISI1/2 is optimized, that is where (ϕ0 − ϕ1)(ϕ2 − ϕ0) is 

maximized at ϕ0 = (ϕ1 + ϕ2)/2. This is also consistent with general findings that the best 

composition ratio[11, 13] is slightly rich in the small molecule constituent, the degree of which would 

depend on how deep the system is in the two-phase region. In addition, our quantitative interaction-

function model might help explain widely observed batch-to-batch variation issues in the OSC 

community. The very close interaction-miscibility-function relations observed, even seemingly 

tracking device-to-device variations, strongly indicate that the morphology as measured with R-

SoXS is controlling FF and other factors such as a vertical composition gradient are at most minor 

factors[48, 49]. 

The morphology for the semi-crystalline systems are more complex than that of 

PCDTBT:PC71BM, as some fraction of the polymer crystallizes or strongly aggregates and thus 

forms a separate third phase[14, 37, 50, 51]. This crystalline phase would primarily determine the 

available amorphous polymer volume fraction that can interact and mix with the small molecule 

and is governed by the binodal. For a fixed volume fraction of polymer aggregates/crystallites, 

higher purity of the mixed domains results in higher overall average composition variations, with 

the ISI still measuring the variance (mean square variations) and ISI1/2 the root-mean-square 

variations over the length scales probed[40]. It is thus not surprising that even in semi-crystalline 

systems, the constant-kink-saturation signature can be discerned for both ISI-χaa and FF-χaa. The 

FF-χaa(Tm) results of the semi-crystalline systems furthermore reveal highly interesting 
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observations. The best-efficiency fullerene and SMA material sets (PffBT4T-C9C13:PC71BM6 and 

PTFB-O:ITIC-Th27) both exhibit a high χaa of 1.70, and the FF of these two material sets are also 

the highest in their class. Conversely, all systems with low χaa, yield devices with lower FF and 

poor performance. The relatively low χaa for low-performance PffBT-T3:SMA systems and high 

χaa for high-performance PTFB-O:ITIC-Th suggest that chemical modification of the SMA or the 

donor that lead to higher χaa is one viable strategy to improve nonfullerene OSC devices further.  

The lessons and outcomes as well as possible future refinements of our model are as follows. 

A system with a χaa deep in the two-phase region is in principle able to create morphologies that 

perform well. Although monotonic FF-χaa relations were observed in the PCDTBT system and 

assumed in the crystalline donor comparison, once χaa is above the point that corresponds to the 

so-called, but in OSCs ill-defined, percolation threshold[52, 53], charge transport might be impacted. 

Consequently, FF might be somewhat reduced and Jsc substantially impacted if devices are 

processed such that the mixed domains get too pure. Hence, unless domains are so small that 

percolation is an irrelevant concept, there is an optimum χaa with a binary composition near the 

“percolation threshold”, leading to the highest device FF and PCE. A system with a χaa close to 

this optimum value during normal device operating conditions exhibits most likely stable 

morphology and thus stable operation. For typical MW used in devices, PCDTBT:PC71BM is 

expected to be close to that optimum with a ϕ2 = ~0.92 at room temperature. The complication of 

“percolation” is not explored here and immaterial to the key results and the implications of this 

work. However, our results provide a basis to explore limits imposed by percolation in high χaa 

systems by providing a framework to track the purity of the mixed domains. Furthermore, the 

differences between the two batches of PCDTBT can not be explained with MW and might 
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possibly be the result of homocoupling or other impurities. Our model and methods would allow 

studying in detail the causes of batch-to-batch variations.  

In addition to purity control for optimum FF, a morphology with sufficiently small domain 

spacing for good exciton separation and high Jsc needs to be achieved by choosing processing 

conditions (solvent, additives, concentration, solution temperature, substrate temperature) that 

avoid liquid-liquid phase separation[54], quench in a small length scale by aggregation of the 

polymer during casting, and use post processing (e.g. solvent or thermal annealing) as needed to 

evolve the mixed domains towards the optimum composition for best performance. We also note 

that our conversion of binodal to χaa(T) is within the framework of Flory-Huggins theory, which 

is incapable of accounting for MW distribution (polydispersity). Applying continuous 

thermodynamic theories[55] would enable more accurate determination of χaa(T) for these 

polydisperse systems. Despite these possible refinements in modeling and exploration of the 

impact of composition variations at the molecular level in the future, our model captures 

interaction-miscibility-function very well. In their totality, our results demonstrate that 

amorphous-amorphous interactions as reflected by χaa are critical for controlling mixed domains 

composition in OSC morphologies and that measurement of χaa(T) allows for a quantitative 

understanding of FF in amorphous systems and identification of a good donor:acceptor match. The 

precise determination or modeling of χaa corresponding to a given processing temperature will lead 

to predictable purity limits in the mixed domains within a solar cell blend and enable rational 

optimization of the morphology and performance parameters of OSCs.  
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4.5 Conclusion  

         In conclusion, we were able to determine the generalized Flory-Huggins χaa(Tm) and χaa(T) 

that reflect the amorphous-amorphous interactions for a wide range of organic solar cell systems. 

A quantitative model with constant-kink-saturation characteristics that relates this quantitative 

parameter with the square root of the integrated scattering intensity (ISI1/2) and fill factor has been 

established based on representative polymer:fullerene and non-fullerene systems. Our results 

indicate that even a small change in χaa(T) between batches of the same donor have quantifiable 

consequences in device performance. High FF and thus high PCE can only be achieved for those 

material sets or processing conditions with high χaa, with the highest χaa demonstrated by the 

record-efficiency fullerene-based OSC (PffBT4T-C9C13:PC71BM) and ~11%-efficiency small-

molecule acceptor system (PTFB-O:ITIC-Th). The fast estimations from DSC make χaa(Tm) a 

viable predictive parameter to pre-screen and select promising materials combinations from the 

large number (>1000) of possible polymer:SMA pairs. Most significantly, this framework will 

accelerate the process by predicting the morphology at the various processing temperature and 

processing strategies of OSCs by measuring χaa(T) before laborious device optimization. The close 

agreement of the molecular simulations with experimental transition temperature heralds in 

particular a future in which the χaa(T) parameter of a new material system and thus its suitability 

for high performance might be estimated in silico before labor intensive synthesis is attempted. 

Finally, we emphasize that our quantitative interaction-miscibility-function model would also be 

applicable in assessing and predicting key aspects of the morphology of light-emitting diodes and 

transistors that use polymer:small molecule blends as active materials[56], and thus be useful for 

the organic device and energy material community in general.  
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4.6 Methods 

Materials: For the samples investigated, PC61BM was purchased from Nano-C and PC71BM was 

sourced from American Dye Inc. Two batches of PCDTBT, namely Batch 1 (Lot: YY9266, Year: 

2010) and Batch 2 (Lot: YY1-160C, Year: 2016) were supplied by 1-Materials Inc. PffBT4T-

C9C13 was newly synthesized according to our recent work6. PffBT4T-2OD and PDPP3T were 

purchased from Solarmer Inc. Other materials were synthesized as reported previously. All those 

materials were used as received. 

Devices: PCDTBT:PC71BM devices were fabricated with the following structure: ITO-coated 

glass substrate/poly(3,4-ethylenedioxythiophene) (PEDOT:PSS)/active layer/Ca/Al. The ITO-

coated glass substrate was first cleaned with detergent, ultrasonicated in acetone and isopropyl 

alcohol, and subsequently dried overnight in an oven. PEDOT:PSS (4083) was spin-cast from 

aqueous solution to form a film of 35 nm thickness. The substrate was dried for 15 min at 150 °C 

in air and then transferred into a nitrogen-filled glove box to spin-cast the active layer. A solution 

containing a mixture of PCDTBT:PC71BM (1:2, wt%) in chloroform (CF) with a total 

concentration of 18 mg/ml for Batch 1 and  21 mg/ml for Batch 2 was then spin-cast on top of the 

PEDOT:PSS to form a ~100 nm-thick film. The time is kept constant (10 minutes) for the blend 

films at various annealing temperatures. Finally, calcium (Ca, 20 nm) and aluminum (Al, 90 nm) 

electrodes were deposited by thermal evaporation in a vacuum of about 9×10-7 torr. Current 

density-voltage (J-V) characteristics of the devices were measured using a Keithley 2400 Source 

Measure Unit and a Class3A solar simulator (Newport Corporation) with an irradiation intensity 

of Air Mass 1.5 Global (AM 1.5 G) 100 mW/cm2. Metal aperture with a well-defined area of 6.9 

mm2 was attached to define the effective area of the model PCDTBT:PCBM devices for accurate 
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measurements. The PCDTBT devices were made by using the same recipe as reported in Hoppe’s 

work35. 

Instruments: Following previously established protocols, the scanning transmission X-ray 

microscopy (STXM) and R-SoXS experiments were performed at Beamline 5.3.2.2[57] and 

Beamline 11.0.1.236, respectively at the Advanced Light Source (ALS), Lawrence Berkeley 

National Laboratory (LBNL). STXM spectra are recorded in the mixed phases and fitted using 

reference spectra of pure components, which can quantitatively describe the composition in the 

mixed phase. R-SoXS measurements were conducted under high vacuum (1×10-7 torr) to reduce 

the air absorption of soft X-rays. Active layers were floated by deionized water and transferred 

onto Si3N4 substrates. The scattering patterns were collected by a 2048×2048 pixel CCD detector. 

Grazing incidence wide angle X-ray scattering (GIWAXS) was conducted at beamline 7.3.3 at the 

ALS. The 10 keV X-ray beam was incident at a grazing angle of 0.13o, which maximized the 

scattering intensity from the active layers relative to the background. A 1M Pilatus 2D detector 

was used to collect the scattering patterns. All measurements were conducted under helium 

atmosphere to reduce air scattering. For DSC tests, polymer:acceptor blends were dissolved in the 

same solvents and temperatures used for device processing. After the solvent was evaporated for 

2 days, the materials were scratched out the small glass container and transferred to the DSC pans. 

Analysis of first and second heat scans was performed and yielded similar χaa values, thus 

eliminating processing history as a variable. The SIMS characterizations were carried out in a 

Time-of-Flight Secondary Ion Mass Spectrometer (ION TOF V, Inc. Chestnut Ridge, NY) at 

NCSU.  

Computational Methodology: Atomistic MD simulations of systems containing pure PCDTBT, 

pure PC71BM, and mixed PCDTBT:PC71BM were performed to obtain target microstructures. For 
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the PCDTBT:PC71BM blends, the initial model was built by randomly placing 40 PCDTBT chains 

(each consisting of 8 repeat units) and 436 PC71BM molecules in a cubic cell with 

PCDTBT:PC71BM weight ratio of 1:2. According to Flory-Huggins solution theory, Hmix and χ 

follow the relation Hmix = RT12, where φ1 and φ2 are the volume fractions of the two 

components in the blend. Simulation of significantly longer chains was limited by computational 

feasibility; the impact of molecular weight can, however, be gauged within the established 

framework. An initial NPT simulation was performed at 526.85 oC (800 K) under a pressure of 1 

atm for 20 ns, leading to a complete mixing between PCDTBT and PC71BM. Quenching down to 

room temperature was then realized in 10 successive NPT simulations (decreasing T by 50 K in 

each step) running each for 500 ps. We note that in such a quenching process, the blend remains 

well mixed. Finally, thermal annealings of the blend obtained at room temperature were conducted 

at 240, 200, 160, 120, 90, 70, 50, and 20 oC, with each simulation running for another 60 ns. The 

Verlet integrator was employed with a time step of 1 fs, while the Nosé-Hoover thermostat/barostat 

was used for temperature/pressure control. A cutoff of 12 Å was set for the summation of van der 

Waals interactions and the particle-particle particle-mesh (PPPM) solver was considered for the 

long-range Coulomb interactions. All simulations were implemented using the LAMMPS 

package[58], where the Optimized Potentials for Liquid Simulations-All Atom (OPLS-AA) force 

field was adopted[59, 60].   
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Chapter 5 

Thermodynamic and Kinetic Factors of Demixing and Crystallization 

Instabilities in Non-Fullerene Organic Solar Cells 

5.1 Preface 

The rapid evolution of non-fullerene small molecular acceptors (NF-SMAs) has dominated the 

recent research of organic solar cells (OSCs). However, to date, delineating thermodynamics 

drivers behind morphological stability and the resulting operational stability of NF-SMA OCSs 

remain largely unexplored. Here, we demonstrate in three common systems that OSCs with NF-

SMA can not only suffer from over-purification of the mixed domains but are also unstable and 

prone to catastrophic failure due to crystallization. We determine in a key system the amorphous-

amorphous phase diagram and show that a low molecular miscibility results in severe burn-in 

degradation. Additionally, we estimate diffusion constants of EH-IDTBER in P3HT and FTAZ of 

1.7×10-17 and 2.0×10-18 cm2/s, respectively, sufficiently high to provide insufficient vitrification 

and thus enable burn-in. Our results also reveal that even in a system with near-optimal miscibility, 

NF-SMA crystals formed during a very short thermal annealing process can lead to long-term 

morphological failure. Consequently, to achieve the long-term stability required for future solar 

technology application, the morphology needs to be stabilized by a higher degree of vitrification 

corresponding to diffusion constants below 10-21 to 10-22 cm2/s. Alternatively, it requires donor 

and acceptor materials with controlled thermodynamic interactions and suppression of 

crystallization of the NF-SMA. 

This work has been put into manuscript. Harald Ade group conceived the general idea of 

the stability-miscibility relation. I did the SIMS and Synchrotron sample prepetition and performed 

the SIMS measurements plus the device fabrication and thermal characterizations of the systems. 
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5.2 Introduction  

The performance of solution-processed organic solar cells (OSCs) based on bulk 

heterojunction (BHJ) blends of a pair of donor and acceptor materials has greatly improved with 

the development of novel non-fullerene small molecular acceptors (NF-SMA).[1-5] With the power 

conversion efficiency (PCE) now reaching 12-14% in many systems,[6-14] the principles governing 

operational stability are becoming very important and need to be understood.[15-19] The lifetime of 

an OSC can be limited by various factors, such as exposure to humidity,[20] photo-oxidation of the 

BHJ layer,[21] and morphological instability due to diffusion or aggregation/crystallization even at 

room temperature.[22] Due to the dominance of fullerenes as acceptors for more than two 

decades,[23-26] it is not surprising that most stability investigations to date have been focusing on 

fullerene-based OSCs. Given the clear difference in the molecular structure of the non-fullerene 

and fullerene acceptors, the chemical and morphological stability of the NF-SMA OCSs cannot be 

extrapolated from data on fullerene devices, and the stability of NF-SMA OCSs and, importantly, 

its thermodynamic drivers, remain largely unexplored.  

Burn-in driven by over-purification of mixed domains and crystallization/catastrophic 

failure due to crystallization have been extensively studied and linked to morphological instability 

in fullerene-based systems,[22, 27-29] but these morphological instabilities and light stability have 

just started to be investigated for NF-SMA based devices, primarily in a phenomenological manner 

without elucidating thermodynamics drivers.[30, 31] In the BHJ solar cell, the actual morphology 

typically comprises multiple phases depending on the materials used.[32, 33] For an amorphous 
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polymer donor and with suppression of the crystallization of the SMA the phase diagram is 

asymmetric and there are only the acceptor-rich small molecule domain that is almost pure in 

sufficiently immiscible systems and the donor rich, mixed amorphous domain. In addition to these 

two domains, a semi-crystalline donor has an additional pure polymer crystalline domain. The 

crystallization of the fullerene or NF-SMA is usually prevented by quenching the acceptor into an 

amorphous, vitrified state. This two or three-phase morphology must be carefully optimized to 

maximize the photon absorption, exciton separation, and charge transportation/extraction 

simultaneously. Any changes in the precise construction and distribution of the nanostructure are 

likely to have a negative effect and lead to device degradation. Typically, a blend morphology that 

is optimized for photovoltaic performance might be far away from thermal equilibrium and does 

not satisfy the key requirements for device longevity.[34] From the perspective of thermodynamics, 

this quenched morphology will try to phase separate to form a thermodynamic meta-stable or 

stable state. For crystallizable NF-SMAs, the meta-stable state is governed by the binodal 

composition, also referred to as the miscibility gap. For the thermodynamically favored, stable 

state, the devices will be driven to the liquidus, characterized by nucleation and growth of SMA 

crystals (Figure 5.1). We note that we will use the term liquidus for simplicity even in cases where 

the amorphous “liquid” phases have vitrified to a glass below the glass transition temperature Tg 

and the liquidus is an amorphous solid-solid transition. The phase separation process and the limit 

of the achievable purity of the mixed domains in the absence of crystals is governed by the 

miscibility of the donor and acceptor materials, which can be parameterized by the effective Flory-

Huggins interaction parameter χ.[35, 36] The impact of χ on domain purity has been conceptualized 

in previous reports,[37-40] and BHJ morphologies in terms of χ has been simulated,[41] but without 

direct quantitative relation to χ. More recently, it has been shown that the temperature-dependent 
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χ(T) is quantitatively related to the domain purity and fill factor in a number of systems.[42] A 

relatively high χ is needed for strong phase separation and thus high device fill factor (FF). 

However, an excessive repulsive molecular interaction between donor and acceptor materials can 

lead to over-purification of the mixed domains (beyond the percolation threshold), which would 

negatively affect device performance.[22, 43] Schematics of the possible scenarios of morphology 

evolution in an upper critical solution temperature (UCST) polymer:SMA blend with an 

amorphous donor and crystallizable SMA with a low and optimal miscibility are illustrated in 

Figure 5.1. A severe burn-in degradation can be expected in a low miscibility system when the 

optimal morphology is quenched far away from the percolation threshold, which is not a meta-

stable morphology (Figure 5.1a). On the other hand, a device with a miscibility gap close to the 

percolation threshold (Figure 5.1b) during the normal device operation conditions is expected to 

exhibit a relatively stable morphology and thus lower and or slower burn-in degradation. As one 

exemplary for Figure 5.1a, it is found that the PC71BM meta-stable equilibrium concentration in 

the PffBT4T-2OD:PC71BM mixed domains is well below the percolation threshold of this high 

performing polymer:SMA blend,[43, 44] consequently, abnormally strong burn-in degradation is 

observed in PffBT4T-2OD:PC71BM solar cells as PCBM readily diffuses at room temperature.[22] 

In contrast, PCDTBT:PCBM has a binodal close the percolation and is a very stable system.[42] 

Beside the amorphous-amorphous interaction parameter, the nucleation of a crystallizable SMA is 

an important factor that can affect the purity of the mixed domains. It is known that thermal 

annealing can boost the efficiency of many OSCs, however heating may accelerate transition of 

the morphology from the meta-stable miscibility gap to the liquidus, or directly and simultaneously 

lead to crystallization failure as a result of nucleation or growth of SMA crystals.[15]  
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Here, we show that OSCs with NF-SMA not only can suffer from over-purification of the 

mixed domains (which will cause burn-in degradation), but also are unstable and prone to 

crystallization/catastrophic failure in case of crystallizable SMA. Uniquely and importantly, we 

also explore and measure the thermodynamic drivers underlying morphological instability.  In this 

work, we utilize the well-known, prototypical NF-SMAs ITIC and EH-IDTBR selectively blended 

with the prototypical semiconductor polymers FTAZ or P3HT, amorphous and semi-crystalline, 

respectively, and determine their device morphology and operational shelf-stability for variable 

processing conditions. It is found that as-cast blend films based on FTAZ:EH-IDTBR and 

FTAZ:ITIC exhibit low burn-in loss, while strong burn-in degradation or even 

crystallization/catastrophic failure occurs readily when the films are briefly annealed at elevated 

temperatures. Even short periods of annealing are sufficient to nucleate crystals of the NF-SMA, 

which then assert their presence and negative influence over time. On the other hand, P3HT:EH-

IDTBR based devices are shown to suffer from both severe burn-in in as-cast and 

crystallization/catastrophic failure in annealed devices.  By determining the metastable phase 

diagram of P3HT:EH-IDTBR blend with time of flight secondary ion mass spectrometry (ToF-

SIMS) bilayer inter-diffusion experiments and parameterizing the results as a temperature-

dependent effective χ(T), we extrapolate to yield χ=2.03 at room temperature. We note that this is 

the first time that χ(T) was determined for an NF-SMA system. The measured χ is very high and 

drives the evolution towards high purity of the mixed domains in P3HT:EH-IDTBR past the 

percolation threshold, leading to strong burn-in degradation of this system. the relative 

thermodynamic drivers for FTAZ:EH-IDTBR and FTAZ:ITIC with respect to P3HT:EH-IDTBR 

are inferred from the liquidus phase diagrams. Our results explain the morphological instabilities 

and also show that there is sufficient diffusion and propensity of the two NF-SMAs to nucleate 
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and crystallize. In addition, we estimated diffusion constants of 1.7×10-17 and 2.0×10-18 cm2/s for 

P3HT:EH-IDTBR and FTAZ:EH-IDTBR, respectively, sufficiently high to enable burn-in. In 

order for NF-SMA based OSCs to be a viable technology, the quenched morphology that gives 

high performance has to be stabilized by a high degree of vitrification with low diffusion, and the 

crystallization of the NF-SMA has to be suppressed or intrinsically avoided by novel molecular 

designs. 

 

Figure 5.1. Schematic illustration of the phase diagrams and selected schematic and observed 

morphologies of a polymer:NF-SMA blend with a) miscibility that is too low, and b) optimum 

amorphous-amorphous miscibility. Note that solid lines, including the blue part of the y-axis, 

correspond to thermodynamic equilibrium, whereas dashed lines are only metastable states. Below 

Tg, which is composition and material dependent, the liquids are frozen into a glass. Equilibrium 

is still established by diffusion but kinetically hindered. The points A, P, and B represent initial 

average D/A ratio, percolation threshold of the SMA in the mixed domains, and the binodal 

composition at a given temperature, respectively. Point C represents the crystallization of NF-

SMAs in a blend, which leads to crystallization/catastrophic failure of the OPVs. The system 

generally proceeds from point A to point C during casting and aging, although initially, the 

presence of the solvent alters the phase diagram. Processing conditions are typically chosen to 

reach the vicinity of point P, were an optimal trade-off between charge creation, charge extraction 

and charge recombination is achieved if the domain size can be sufficiently controlled.  
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5.3 Results and Discussion 

5.3.1 OCSs characterization 

 The photovoltaic properties of our NF-SMA-based devices are investigated in an inverted device 

architecture using solution-processed ZnO nanoparticles as the electron transport layer and 

thermally evaporated MoO3 as the hole transport layer (as depicted in Figure 5.2a). The chemical 

structures of the polymer donors (FTAZ and P3HT) and NF-SMAs (ITIC, EH-IDTBR) used in 

this work are shown in Figure 5.2b. The typical current density-voltage (J-V) curves of the devices 

(under one sun irradiation of AM1.5G spectrum) are presented in Figure 5.2c, and the averaged 

performance parameters for at least 4 OSC devices are summarized in Table 5.1-2. Overall the 

FTAZ:EH-IDTBR and FTAZ:ITIC based devices exhibit respectable efficiencies up to 10.1% and 

10.6%, respectively. The P3HT:EH-IDTBR solar cells achieved a PCE of 5.8%, which is 

comparable with the reported data.[45] The devices employing FTAZ as the donor polymer give 

significantly improved performance compared to P3HT based NF-SMA solar cells, which is likely 

due to the enhanced hole mobility, better matched energy levels of the FTAZ polymer and 

improved active layer morphology.  

 

Table 5.1. Photovoltaic parameters of OSCs measured after fabrication (Fresh). 

Active layer Processing condition JSC 

(mA/cm2) 

VOC 

(V) 

FF 

(%) 

PCE (%)a) 

avg./max. 

FTAZ:EH-IDTBR As-cast 15.12 1.05 55.3 8.95/9.25 

FTAZ:EH-IDTBR TA at 120 °C for 10 min 13.75 1.08 63.9 9.71/10.12 

FTAZ:ITIC As-cast 16.88 0.88 64.6 9.65/9.92 

FTAZ:ITIC TA at 150 °C for 10 min 16.88 0.89 68.8 10.4/10.5 

P3HT:EH-IDTBR As-cast 10.96 0.74 54.4 4.42/4.64 

P3HT:EH-IDTBR TA at 120 °C for 10 min 11.60 0.76 66.1 5.86/5.88 
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Table 5.2. Photovoltaic parameters of OSCs measured after aged in glove box for 30 days 

(Aged). 

Active layer Processing condition JSC 

(mA/cm2) 

VOC 

(V) 

FF 

(%) 

PCE (%)a) 

avg./max. 

FTAZ:EH-IDTBR As-cast 14.95 1.05 54.95 8.72/9.08 

FTAZ:EH-IDTBR TA at 120 °C for 10 min 12.21 1.08 51.18 6.75/6.98 

FTAZ:ITIC As-cast 16.69 0.87 61.50 8.92/9.19 

FTAZ:ITIC TA at 150 °C for 10 min 16.10 0.84 59.67 8.12/8.25 

P3HT:EH-IDTBR As-cast 10.44 0.50 50.65 2.67/2.83 

P3HT:EH-IDTBR TA at 120 °C for 10 min 10.30 0.45 52.0 2.41/2.54 

a) Average of at least 4 individual devices. 

 

 

Figure 5.2. a) Device architecture of organic solar cells fabricated in this work, b) Chemical 

structures of P3HT and FTAZ as electron donors and ITIC and EH-IDTBR as electron acceptors, 

c) representative current density-voltage (J-V) characteristics of optimized fresh devices based on 

FTAZ:EH-IDTBR, P3HT:EH-IDTBR and FTAZ:ITIC solar cells under 100 mW cm2 simulated 

solar light. 
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5.3.2 Shelf stability and morphology characterization 

            Upon device fabrication, the devices were stored in the dark under N2 atmosphere for 

device shelf-life stability tests. Normalized PCE of the devices vs. time are shown in Figure 5.3. 

Firstly, we compare the shelf-stability of the annealed and as-cast devices of FTAZ:EH-IDTBR 

system. The as-cast FTAZ:EH-IDTBR based solar cells decreased 2% of its initial efficiency after 

30 days. In contrast, Figure 5.3a indicates that the PCE of aged FTAZ:EH-IDTBR devices that 

are thermally annealed for just 10 min at 120 °C decreased over 20% after 30 days. It is worth 

noting that, although FTAZ:EH-IDTBR devices exhibited similar initial PCE for devices without 

annealing and annealed at 120 °C when measured immediately after fabrication, they show 

significant differences in shelf-stability after just a few days storage at RT. The larger efficiency 

loss in the devices annealed at temperatures of 120 °C mainly comes from a loss of short-circuit 

current (JSC) and FF, which we attribute and discuss in detail below to the change in the purity of 

the mixed phases. The greatly reduced shelf-life stability or even crystallization/catastrophic 

failure of the annealed solar cells should originate from thermally induced crystals of NF-SMA, 

which will also be discussed below. This relative crystallization/catastrophic failure compared to 

the as-cast devices is also observed in thermally annealed P3HT:EH-IDTBR (120 °C) and 

FTAZ:ITIC (180 °C), which exhibit an efficiency loss of 60% and 30%, respectively.  
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Figure 5.3. a, d, g) Normalized PCE of NF-SMA based solar cells after long-term storage Dashed 

lines represent fitted linear or exponential decays. b, e, g) 2D GIWAXS patterns of as-cast films 

of FTAZ:EH-IDTBR, P3HT:EH-IDTBR and FTAZ:ITIC, respectively. c, f, i) 2D GIWAXS 

patterns of samples annealed for 10 minutes at 120 °C for FTAZ:EH-IDTBR and P3HT:EH-

IDTBR and 180 °C for FTAZ:ITIC and stored for five days. Insets are optical micrographs of the 

respective samples, except the samples were annealed for 24 hours to enhance the growth of 

crystals so they can be observed by optical microscopy. 
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To reveal the origin of the efficiency loss observed, grazing incidence wide-angle X-ray 

scattering (GIWAXS), performed at beamline 7.3.3[46] of the Advanced Light Source, was used to 

probe the impact of thermal annealing on the nanoscale packing of the blend films. The 

corresponding 2D patterns of the investigate blend films are shown in Figure 5.3b-c, 5.3e-f, and 

5.3h-k. From the GIWAXS profiles, the as-cast FTAZ:EH-IDTBR and FTAZ:ITIC blend films 

exhibit a well-defined and broad (010) peak in the out-of-plane direction for both of the polymer 

donor and SMA and arc-like (100) scattering peaks, indicating the face-on preferential orientation 

of these materials. In contrast, P3HT:EH-IDTBR blend film reveals a (010) peak in both in-plane 

and out-of-plane directions, suggesting disordered material orientation. In addition, strong P3HT 

(100), (200), and (300) peaks are also observed for this blend film. Most importantly, it is clear 

that there is essentially no feature representing crystals of the NF-SMA for all as-cast blend films. 

However, upon thermally annealing at 120 °C and 180 °C for 10 min for EH-IDTBR and ITIC 

based blend films, respectively; clear crystal signature, particularly for ITIC, can be observed 

within these films, as the GIWAXS patterns exhibit multiple peaks of the NF-SMA of these blend 

films as indicated. Supporting the conclusion that these materials can crystallize, optical 

microscopy images exhibits micrometer-sized crystals after thermal annealing at 120 °C for EH-

IDTBR based and 180 °C for ITIC based blend films for 24 hours (see insets in Figure 5.3). The 

small crystallites can grow over time if there is sufficient diffusion, because small crystals are 

thermodynamically unfavorable due to their relatively high surface areas.[47] As a result, the 

corresponding NF-SMA based OSCs will suffer deterioration in device performance over time as 

the NF-SMA crystallizes in the active layer, leading to large crystals that might even eventually 

penetrate the active layer and short the devices. This is quite similar to many fullerene systems, 
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where thermally induced fullerene aggregation or crystallization has been identified as a key 

reason for thermally induced performance degradation.[22, 34, 48]  

 

5.3.3 Thermal properties of the blends 

To elucidate the differences in temperature needed to readily cause crystallization, the 

thermal proprieties of the neat polymers, NF-SMAs, and blends with device D/A ratios are 

examined by differential scanning calorimetry (DSC).  From the DSC data (as shown in Figure 

5.4) we could see a cold crystallization peak at 121 °C and 200 °C for EH-IDTBR and ITIC, 

respectively, suggesting the initially amorphous fraction in the pure samples is reorganizing and 

crystallizing at these temperatures. We interpret the cold crystallization to roughly reflect the glass 

transition temperature (Tg) of the material that is in an amorphous disordered state. Tg is difficult 

to observe unobstructed due to the strong tendency of these materials to crystalize at a very similar 

temperature once the mobility increases at or near Tg. Furthermore, the cold crystallization 

temperatures of both EH-IDTBR and ITIC shift to slightly lower temperatures upon mixing with 

P3HT or FTAZ which can be due to plasticization of the NF-SMA mixed with a ductile, low Tg 

polymer. P3HT is known to be a ductile polymer[49] with low Tg of 20-30 °C, which typically is a 

function of the polymer molecular weight.[50] The DSC implies similar Tg for FTAZ. The similar 

shift in cold crystallization temperature of EH-IDTBR in FTAZ:EH-IDTBR (110 °C), and 

P3HT:EH-IDTBR (112 °C) blends suggests a similar ductility of these two polymers. We note that 

the DSC sample processing conditions should lead to phase separation and the Tg observed is not 

necessarily the Tg of the mixed amorphous domains that matter in the devices. This mixed phase 

might have a Tg that is even lower and closer to that of P3HT, but remains unobserved due to the 

low NF-SAM content in the mixed domain or the inability of this mixed faction to readily 
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crystallize. Overall, the difference and similarities in shelf-stability for the two different NF-SMAs 

investigated can be explained well by their Tgs and crystallization behavior of these SMAs. The 

results also suggest that annealing protocols to boost efficiency have to be executed with caution 

in a system where the NF-SMA can crystallize. A temperature well below the Tg/cold 

crystallization temperature needs to be utilized to avoid the nucleation and crystallization of the 

NF-SMA. 

 

Figure 5.4. Differential scanning calorimetry data of a) EH-IDTBR, FTAZ, and FTAZ:EH-

IDTBR, b) EH-IDTBR, P3HT, and P3HT:EH-IDTBR, and c) ITIC, FTAZ, and FTAZ:ITIC 

collected from first heat cycle with 10 °C/min heating rate. All the DSC samples are drop cast 

form CB solution with 15 mg/mL total concentration. 

 

We turn now attention to the amorphous burn-in stability of the as-cast solar cells, here 

defined and differentiated from crystallization as those changes in a device that are governed by 

amorphous-amorphous interactions and the ability of the materials to diffuse. The as-cast 

FTAZ:EH-IDTBR solar cells exhibit only 3% efficiency loss after 30 days, and the PCE only 

decreased by around 5% for FTAZ:ITIC solar cells. The results indicate that the as-cast 

morphology of these two systems has mixed domains that are very close in composition to their 

miscibility gap (i.e., a situation similar to Figure 5.1b). Therefore nearly burn-in free behavior is 

observed. In contrast, the as-cast P3HT:EH-IDTBR based devices show an efficiency loss of 40%, 
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indicating a large amorphous burn-in if not crystallization induced efficiency loss for this OSC. 

This suggests the P3HT:EH-IDTBR system might be a system with high χ, requiring a quenched 

morphology for best performance with a composition far from the miscibility gap. It is worth 

noting that Figure 5.3 also shows that for as-cast EH-IDTBR solar cells, the PCE increases at the 

beginning. This is likely due to the fact that the ideal morphology corresponding to the percolation 

threshold is located between the quenched morphology and the miscibility gap. That means during 

the morphology evolution from the quenched morphology to the metastable miscibility gap, the 

performance goes first up due to reduced bimolecular recombination and then down due to 

trapping of charge as percolation is lost, i.e., it evolves through the optimum. Other causes for the 

initial increase are also possible. For example, an initial increase has recently been reported for 

PffBT4T-2OD:EH-IDTBR for light stability test, but attributed to photo-induced doping of the 

ZnO layer.[30] Photo-induced doping can not a cause in our case as we did not have continuous 

illumination.  

We note that all the EH-IDTBR-based systems exhibit interesting details that we are 

relating to the crossing of the optimal composition in the mixed domains when the quenched 

composition evolves to the metastable binodal composition. To make these two processes evident, 

we have fitted exponentials to part of the data. The EH-IDTBR based thermally annealed films do 

not decay with an exponential drop as observed in FTAZ:ITIC, but clearly have both a second 

feature that can be described as a bump at three days for both cases of FTAZ:EH-IDTBR and 

P3HT:EH-IDTBR. The bump of the annealed device and sitting on top of the strong exponential 

decay is reflecting precisely the same evolution as seen by the corresponding bump in the as-cast 

devices. This has several general implications. The morphology formed in as-cast devices is not 

optimal. Likely a quenched state with excessively mixed domains has been created by casting 
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conditions that lead to small enough length-scale needed to harvest the excitons. As the domains 

initially purify the performance goes up, yet additional purification is leading to loss of percolation 

and performance. The overlapping of the two processes observed in the annealed devices clearly 

shows that the catastrophic failure due to crystallization is proceeding at the same time as the 

purification due to amorphous-amorphous interactions is still proceeding as well, presumably in 

different regions of the devices. The results show an obvious peak for as-cast and annealed EH-

IDTBR based systems while ITIC based solar cells mainly evolve through a single exponential 

decay. The best exponential fit for P3HT:EH-IDTBR have been achieved when t=0 is not included. 

We will return to this detail below after we better understand the thermodynamic drivers of the 

performance evolution. 

 

5.3.4 Phase behavior of the blends 

To investigate the thermodynamic origin of the differences of burn-in of the NF-SMA 

based devices observed here and to verify the conclusion and hypothesis as outlined in Figure 5.1, 

we measure the molecular miscibility by determining or inferring the Flory-Huggins interaction 

parameter (χ) of these NF-SMA systems. χ is the parameter that controls the phase separation and 

the limiting purity of the mixed domains in active layers.[22, 42, 43] We use a bilayer inter-diffusion 

experiment[51, 52] (Figure 5.5a) and monitor with ToF-SIMS, the equilibrium volume fraction of 

the EH-IDTBR in the polymer-rich layer under conditions where crystallization is sufficiently 

suppressed, thus mapping out the amorphous-amorphous phase diagram of the P3HT:EH-IDTBR 

system. The effective amorphous-amorphous interaction parameter for P3HT:EH-IDTBR is 

derived to be χ(T) = -1.17+953/T, where T is the absolute temperature. This shows that P3HT:EH-

IDTBR is a UCST system, for which increasing the temperature of the film will increase the degree 
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of the mixing in the blend (Figure 5.5b). The fit also yields χ = 2.03 at room temperature. Such a 

high interaction parameter corresponds to a polymer:SMA phase at equilibrium with 93 vol% 

polymer, too depleted in EH-IDTBR to provide effective percolation pathways for electron 

transfer, leading to charge trapping and mono-molecular recombination.[42, 43, 53]  The high χ and 

the evolution towards high purity of the mixed domains in P3HT:EH-IDTBR even at room 

temperature explains why devices made of this blend suffer from bad shelf stability.    

 

Figure 5.5. (a) Normalized SIMS profiles of P3HT/EH-IDTBR annealed at different temperatures, 

(b) corresponding miscibility gap extracted from temperature-dependent interaction parameter 

χ(T), after being normalized by degree of crystallinity of P3HT (25%), and (c), (d), and e) VLM 

images of FTAZ:EH-IDTBR with 85:15 D/A, P3HT:EH-IDTBR with 90:10 D/A, and FTAZ:ITIC 

with 85:15 D/A, after being thermally annealed at 160 °C for 24h. 

 

Unfortunately, SIMS as a method sensitive to molecular fragments is not able to provide 

reliable inter-diffusion data for FTAZ:EH-IDTBR and FTAZ:ITIC, due to similar molecular 
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fragmentation patterns between FTAZ and these NF-SMAs. Consequently, we employed a 

recently introduced UV-Vis method to monitor the relative thermodynamic behavior of these 

blends. The temperature dependent miscibility in the presence of the NF-SMA crystals can be 

characterized by a combination of visible light microscopy and conventional UV-Vis absorption 

spectroscopy.[54] Figure 5.6 shows the temperature dependent UV-Vis of the three systems used 

in this study. It is noted that the presence of SMA crystals should lead to higher purity and further 

depletion the remaining SMA in the mixed polymer phase compared to miscibility gap.[48] 

Assuming that no cocrystals are formed, we have found (Figure 5.7) that FTAZ:EH-IDTBR and 

FTAZ:ITIC blends have mixed domains that are less pure than the P3HT:EH-IDTBR blend, which 

is consistent with the arguments and conclusions above that the FTAZ blends do not over-purity. 

Combining the SIMS and UV-Vis measurements, the poor shelf stability of the as-cast P3HT:EH-

IDTBR relative to the two FTAZ:NF-SMA systems is explained well by the smaller or non-

existing driving force for excessive phase separation in the latter systems.  

 

Figure 5.6. Temperature dependence UV-Vis of (a) FTAZ:EH-IDTBR with 70:30 D/A ratio, (b) 

P3HT:EH-IDTBR with 9:1 D/A ratio, and (c) FTAZ:ITIC with 70:30 D/A ratio. The D/A ratios 

were chosen in a way that annealed films show the low density of SMA crystals.A high density of 

the crystals can affect the reliability of the miscibility data due to high scattering of visible light 

from the crystals. 

 



   

104 

 

  

Figure 5.7. UV-Vis miscibility measurements of different polymer:NF-SMAs. P3HT:EH-IDTBR 

blends shows the lowest miscibility compared to FTAZ:EH-IDTBR and FTAZ:ITIC which is 

consistent with high burn-in of devices made of this blend. The error in each volume fraction is 

typically smaller than symbol size. 

 

To further confirm the validity of the thermodynamic behavior of these three different 

blends, we acquired visible light microscope (VLM) images of these systems annealed at elevated 

temperatures with a D/A ratio near the acceptor percolation threshold of the polymer:SMA blends. 

The FTAZ:NF-SMA blends with 85:15 D/A ratio and P3HT:EH-IDTBR with 90:10 D/A ratio 

were thermally annealed at evaluated temperatures for two days. VLM images show that there is 

no evidence of crystal features in FTAZ:EH-IDTBR and FTAZ:ITIC based blends, indicating that 

the equilibrium composition of the NF-SMA in the mixed phase of FTAZ:EH-IDTBR and 

FTAZ:ITIC is >15 vol% NF-SMA. In contrast, P3HT:EH-IDTBR blend film shows micron-sized 

crystals of EH-IDTBR even with a D/A ratio of 90:10, suggesting the equilibrium composition of 

EH-IDTBR in the mixed amorphous-amorphous phase is <10% EH-IDTBR, well below the 

acceptor percolation threshold. Consequently, FTAZ:EH-IDTBR, and FTAZ:ITIC based solar 
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cells exhibit relatively stable morphologies when stored at room temperature, while P3HT:EH-

IDTBR devices exhibit severe burn-in. The exponential fitted to the as-cast P3HT:EH-IDTBR in 

Figure 5.3 can now be interpreted as follows. It is either due to exessive purification as the mixed 

domains evolve towards the binodal or crystallization happens even at RT after about five days 

and the system progresses to the liquidus. The definitive answer is outside the scope of the current 

study and would likely include analysis with higher data density in time and temperature and 

aditional characterizaiton methods. These results point out though that the device performance 

evolution has defined relations to the underlying thermodynamics of the system.  

 

5.3.5 Diffusion coefficient extraction  

The SIMS profiles of the P3HT:EH-IDTBR and the bump-feature in the device 

performance also provide rough estimates for diffusion constants in these systems. Using the 

diffusion length equation x = 2(D×t)0.5 where x, D, and t are diffused distance in cm, diffusion 

coefficient in cm2/s, and annealing time in second, respectively, we calculate from SIMS a lower 

limit of the diffusion constant of D ≥ 2.7×10-12 cm2/s at 100 °C. From the bump in the devices data 

that suggest that domains have reached local equilibrium within 6 and 10 days for P3HT:EH-

IDTBR and FTAZ:EH-IDTBR, respectively, and using estimates of the size of the mixed domains 

from resonant soft X-ray scattering (R-SoXS) measurements of 65.0 and 30.8 nm (see Figure 5.8), 

we estimate diffusion constants at room temperature of 1.7×10-17 and 2.0×10-18 cm2/s for 

P3HT:EH-IDTBR and FTAZ:EH-IDTBR, respectively. Assuming the usual Arrhenius type 

diffusion for EH-IDTBR and using the two diffusion constants we have estimated, we can 

furthermore estimate the diffusion activation energy of EH-IDTBR into P3HT matrix to be ~35 

kcal/mol[55]. This activation energy is larger than that of P3HT:PCBM and likely related to the 
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shape and size of these two molecules.[56] As a result of the high diffusion constant, a low 

miscibility system like P3HT:EH-IDTBR can easily experience an over-purification and/or even 

crystal growth at room temperature. To have a robust morphology, a low miscibility system such 

as P3HT:EH-IDTBR should have a diffusion constant in the order of 10-21 to 10-22 (cm2/s), which 

corresponds to 20 nm diffusion in the time scale of 10 years. Since P3HT:EH-IDTBR has a 

diffusion coefficient with four orders of magnitude larger than what is required for a 

morphologically stable system, and needs to have a quenched system for best performance, 

P3HT:EH-IDTBR does not appear to be an ideal system for industrial applications, This is in 

contrast to previously reported studies on an analogue of EH-IDTBR, namely, O-IDTBR, with a 

linear side-chain,[45]. The DSC results of the blends of P3HT:EH-IDTBR and P3HT:O-IDTBR is 

presented in Figure 5.9. The larger melting and crystallization temperature depression of P3HT 

upon mixing with O-IDTBR compared to EH-IDTBRE suggest a lower χ and a higher and more 

optimal miscibility of P3HT:O-IDTBR compared to P3HT:EH-IDTBR. The crystallization of O-

IDTBR is likely still a problem that needs to be prevented. We note that one of the most stable 

PCBM based systems is PCDTBT:PCBM. It has a binodal with a composition close to percolation 

and the host donor has a Tg of ~140 °C, much higher than that of P3HT. This implies that the 

diffusion constants of NF-SMA of various shapes should be investigated as a function of donor 

polymer properties in order to more fully understand how devices can be vitrified and stabilized 

and to delineate the underlying relationship to the chemical structure. Additionally, our results not 

only confirm that tuning of molecular interactions is critical to achieving high performance as 

previously shown,[42] but is also critical to achieving meta-stable systems.  
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Figure 5.8. Resonant soft X-ray scattering (R-SoXS) data of (a) FTAZ:EH-IDTBR as cast film, 

and (b) P3HT:EH-IDTBR as cast film. By using the peak position as the mode of the domain 

spacing, the domain spacing of 52 nm and 118 nm was calculated for FTAZ:EH-IDTBR and 

P3HT:EH-IDTBR, respectively. X-ray energy of 283.4 eV was selected to enhance the material 

contrast between polymer-rich domains and SMA-rich domains and avoid damage and 

fluorescence background. Domain size divided by half was assumed to be the average distance 

that an EH-IDTBR molecule diffuses to reach the pure SMA domain. As a result, 26 nm and 59 

nm were used to calculate the diffusion constants of FTAZ:EH-IDTBR and P3HT:EH-IDTBR, 

respectively. The difference in full width at half maximum (FWHM) in FTAZ:EH-IDTBR, and 

P3HT:EH-IDTBR can be related to the difference in magnitude of diffusion EH-IDTBR into 

polymer matrix at room temperature.  
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Figure 5.9. First-heat and first-cool cycles DSC data of neat P3HT, P3HT:EH-IDTBR with 

(0.8:0.2) wt%, and P3HT:O-IDTBR with (0.8:0.2) wt%. The 8:2 D/A ratio was chosen for 

comparison of melting and crystallization to reduce the effect of eutectic phase formation on 

melting depression. As can be seen in the first-heat cycle there are two features observable. The 

lower peak is attributed to EH-IDTBR and OIDTBR crystals melting while the higher temperature 

peak is from the melting of P3HT crystals. However, in the cool cycle there is only one 

crystallization peak observable that corresponds to P3HT recrystallization. Due to the absence of 

SMA recrystallization peak in the cool cycle, the P3HT recrystallization peak temperature is a 

better scale to compare the temperature depression in these two systems. Recrystallization 

temperatures of P3HT, in neat P3HT, P3HT:EH-IDTBR, and P3HT:O-IDTBR are 200, 193, and 

189 °C, respectively. The DSC data are collected from at 10 °C/min heating and cooling rate. All 

the DSC samples are drop cast form CB solution with 15 mg/mL total concentration. 

 

5.4 Conclusion 

In conclusion, we have shown that NF-SMA based OSCs can suffer from amorphous burn-

in deterioration and catastrophic crystallization failure in device performance, just like their 

fullerene counterparts. We relate the burn-in degradation to low molecular miscibility due to a 

high molecular interaction parameter χ of polymer and NF-SMA, where the optimized quenched 
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morphology is far from the miscibility gap/binodal composition. It is also shown here that non-

fullerene solar cells with a crystallizable acceptor can be unstable and prone to 

crystallization/catastrophic failure due to crystals whose chemical potential further depletes the 

mixed regions of the NF-SMA well below the optimal concentration near the percolation 

threshold. We estimated diffusion constants of 1.7×10-17 and 2.0×10-18 cm2/s for P3HT:EH-IDTBR 

and FTAZ:EH-IDTBR, respectively, sufficiently high to enable rapid burn-in. To suppress the 

burn-in and catastrophic failure of NF-SMA-OSC, the quenched morphology that enables high 

performance would need to be stabilized by a higher degree of vitrification with low diffusion so 

that it will take much longer for the quenched morphology to reach its metastable state. 

Alternatively, the temperature dependent χ(T) need to be controlled and materials designed such 

that the composition of the mixed domains during normal operating temperatures corresponds to 

a composition near the binodal. Furthermore, the crystallization of the NF-SMA needs to be 

suppressed or intrinsically avoided to get long-term stability for future solar technology 

application. Achieving such highly vitrified stable devices will require extending these studies to 

other high efficiency NF-SMA systems and might even require synthesis of novel donor and 

acceptor materials with controlled thermodynamic interactions, decreased diffusion constant 

(below 10-21 to 10-22 cm2/s), higher Tgs, and suppressed crystallization properties. The delineated 

thermodynamic and solid state kinetic considerations are increasingly important in order to 

translate excellent research efficiencies into long-term achievable performance and warrant further 

extensive study to delineate structure-function relationships, which in turn will provide synthesis 

guidelines.   
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5.5 Methods 

Materials: P3HT is provided by Iain McCulloch’s group with Mn = 94 kDa, PDI = 1.6. FTAZ is 

provided by Wei You’s group with Mn ≈ 57.5 kDa, PDI ≈ 1.6, which is synthesized according to 

previous literature.[1] EH-IDTBR and ITIC were purchased from 1-Material and Solamer, 

respectively. All the solvent and other materials were purchased from commercial sources and 

used without further purification. 

Fabrication and testing of Polymer:SMA devices: The best performance for the polymer:SMA 

devices was achieved after extensive optimization with an inverted structure of 

ITO/ZnO/polymer:SMA/MoO3/Al and the details are as follows. Pre-patterned ITO-coated glass 

with a sheet resistance of ~15Ω per square was used as the substrate. It was cleaned by sequential 

sonication in soap DI water, DI water, acetone and isopropanol for 15 min at each step. After 

ultraviolet/ozone treatment for 60 min, a ZnO electron transport layer was prepared by spin coating 

at 4000 r.p.m. from a ZnO nanoparticle solution. Active layers were spin coated from the 

polymer:NF-SMA solution to obtain thicknesses of ~100 nm. FTAZ:NF-SMA active layers were 

cast from Toluene solution with 6 mg/mL polymer concentration and 1:1.5 and 1:1 D/A ratio for 

FTAZ:EH-IDTBR and FTAZ:ITIC, respectively. P3HT:EH-IDTBR active layers were spin cast 

from Chlorobenzene (CB) solution with 12 mg/mL polymer concentration. The thermally annealed 

polymer:NF-SMA films were then annealed at an elevated temperature for 10 min before being 

transferred to the vacuum chamber of a thermal evaporator inside the glove box. Then a thin layer 

(10 nm) of MoO3 was deposited as the anode interlayer under vacuum followed by 100 nm of Al 

as the top electrode. All cells were measured inside the glove box. For device characterizations, J-

V characteristics were measured under AM1.5G light (100 mWcm-2) using a Class AAA Newport 

solar simulator. The light intensity was calibrated using a standard Si diode (with KG5 filter, 



   

111 

 

purchased from PV Measurement) to bring spectral mismatch to unity. J-V characteristics were 

recorded using a Keithley 236 source meter unit.  

DSC measurements: The DSC samples were prepared by drop casting of the neat or blend 

materials dissolved in CB on glass slides. After being stored inside the glovebox overnight, the 

samples were transferred into a vacuum chamber and kept under vacuum for 5 days to remove the 

residual solvent trapped in the film. The dried samples then were scratched from the glass slides 

and moved to aluminum pans which to be used for DSC measurements. The DSC thermograms 

are collected with the TA Instruments Discovery DSC. The heating/cooling rate is 10 °C/min. 

Baseline and temperature were calibrated with sapphire and indium. 

GIWAXS characterization: GIWAXS measurements were performed at beamline 7.3.3[2] at the 

Advanced Light Source (ALS). Samples were prepared on Si substrates using identical blend 

solutions like those used in devices. The 10 KeV X-ray beam was incident at a grazing angle of 

0.11-0.13o, which maximized the scattering intensity from the samples. The scattered X-rays were 

detected using a Dectris Pilatus 1-M photon counting detector. Samples were prepared on Si 

substrates. All measurements were conducted under helium atmosphere to reduce air scattering. 

SIMS measurements: Neat P3HT and EH-IDTBR with a concentration of 15 mg/mL and 40 

mg/mL, respectively, were dissolved in CB at 80 °C and stirred overnight. EH-IDTBR solution 

was spin-cast on ZnO coated Si with 30 nm ZnO substrates and neat P3HT was spin-cast on 

polystyrene sulfonate (PSS) coated glass. The neat polymer and EH-IDTBR films were vacuum 

(1×10-6 Torr) dried at room temperature for a day to remove the residual amount of processing 

solvent before making the bilayer sample. Polymer films were floated onto DI water and picked 

up with the supported EH-IDTBR films, thereby forming a bilayer of P3HT/EH-IDTBR on the 

ZnO/Si substrates. The bilayer films were kept at room temperature for 24 hours to dry the water 
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then were vacuum dried in 30 mmHg overnight to remove the residual water trapped at the 

interface.  Those bilayer films underwent post-thermal annealing to reach equilibrium. The SIMS 

characterizations were carried out in a Time-of-Flight Secondary Ion Mass Spectrometer (TOF-

SIMS) (ION TOF V, Inc. Chestnut Ridge, NY) at NCSU. Dual-beam dynamic SIMS mode was 

used to provide high depth resolution and chemical resolution simultaneously, where Bi++ was 

employed as the primary ion and Cs+ was employed as the sputtering source. C2N- molecular 

component was selected to monitor EH-IDTBR depth profile. The analysis chamber pressure is 

maintained below 5.0×10-9 mbar to avoid contamination of the surfaces to be analyzed. 

Conversion of SIMS data to χ(T): To convert the weight to volume fraction we assumed P3HT 

donor polymer and EH-IDTBR SMA have the same density of 1.15 g/cm3. By monitoring the C2N- 

molecular fragment that selectively traces EH-IDTBR, we can accurately obtain the volume 

fraction of EH-IDTBR in the polymer-rich layer. To account for the presence of the polymer 

crystals which are shown by GIWAXS to remain intact during the EH-IDTBR diffusion the SIMS 

extracted equilibrium compositions were corrected for the degree of crystallinity of the polymer, 

assumed to be 25%.  

Transmission VLM images and UV-Vis absorption spectroscopy: VLM are acquired using a 

Nikon Labophot-2 microscope. The UV-Vis absorption spectra are recorded using a Cary 50 

spectrophotometer with the wavelength from 300 nm to 1000 nm. In the UV-Vis experiment, 

optical density (O.D.) is evaluated by measuring the transmission intensity with the active layer 

(I) and without the active layer (I0) and calculated as O.D. = -log(I/I0). All thermal annealing is 

carried out inside a glovebox (N2 atmosphere) to avoid possible effects of photooxidative 

degradation at elevated temperatures that might occur under ambient conditions. Subsequently, the 

UV-Vis absorption spectra of the neat films and thermally annealed blend films are measured via 
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a UV-Vis absorption spectroscopy. Since the optical density (O.D.) follows the formula O.D. = 

µρt, where µ is the energy-dependent mass absorption coefficient, ρ is the density and t is the film 

thickness, all the measured UV-Vis absorption spectra of reference spectra should be normalized 

by its mass thickness (ρt) to yield the mass-absorption coefficient µ.  Finally, the spectrum of a 

blend film annealed at a certain temperature is fitted with a linear superposition of the reference 

spectra of neat films, with the ratio of linear coefficients giving the uncorrected liquidus miscibility 

at this temperature. We refer to average composition ratio as uncorrected liquidus miscibility since 

some of the polymers are semi-crystalline and one would need to be normalized out the crystalline 

volume fraction of semi-crystalline polymer to arrive at the correct composition of the mixed 

amorphous domains. Unlike the SIMS method that measures the miscibility gap of the phase 

diagram, the UV-Vis method takes into consideration both the amorphous-amorphous and 

amorphous-crystal interaction parameters which provides the liquidus part of the phase diagram 

for amorphous polymers. 

R-SoXS characterization: R-SoXS transmission measurements were performed at beamline 

11.0.1.2[3] at the ALS. Samples for R-SoXS measurements were prepared on a PSS modified Si 

substrate under the same conditions as those used for device fabrication, and then transferred by 

floating in water to a 1.5×1.5 mm, 100 nm thick Si3N4 membrane supported by a 5×5 mm, 200 

mm thick Si frame (Norcada Inc.). Two- dimensional scattering patterns were collected on an in-

vacuum CCD camera (Princeton Instrument PI-MTE). The beam size at the sample is ~100 mm 

by 200 mm. The composition variation (or relative domain purity) over the length scales probed 

can be extracted by integrating scattering profiles to yield the integrated scattering intensity (ISI). 

The purer the average domains are, the higher the ISI. Owing to a lack of absolute flux 

normalization, the absolute composition cannot be obtained by only R-SoXS.  
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Chapter 6 

Mechanical structure-function relations of nonfullerene solar cells 

6.1 Preface 

Obtaining a good morphological stability of organic solar cells (OSCs) is one of the main 

criteria in commercialization of the technology. With emergence of highly efficient non-fullerene 

small molecule accepters (NF-SMAs) the long-term stability and subsequently morphological 

stability of polymer:NF-SMA devices becoming more important. Although it is conceptually 

known that the devices consist of low ductility polymer blended with fullerene based SMA have 

better morphological stability, a structure-function relation remained mainly elusive even in case 

of polymer:fullerene blend. He we first show that majority of the polymer:NF-SMA devices are 

the blends with low miscibility. Although low miscibility has been highlighted as the main source 

of the morphological in-stability, our results show that the blend with the extremely low miscibility 

are the ones which provide the long-term shelf and thermal stability. These systems are also shown 

to have higher heat tolerance which is related to the large diffusion activation energy in these 

systems that leads to suppression of the over crystallization of NF-SMA. Our results show that 

only limited number of polymer:NF-SMA systems with high activation energy and low diffusion 

constant can meet the 10 years’ stability criterion for OSCs. Furthermore, we found a close relation 

between the mechanical properties of the polymer and SMA with the morphological stability. The 

polymers with low ductility and SMA with planar structure can provide a robust morphology 

which vitrifies the optimum morphology achieved during the device processing.   

This work has been put into manuscript. Harald Ade group conceived the general idea of 

structure-function relation. I did the SIMS and Synchrotron sample prepetition and performed all 

the SIMS measurements plus the device fabrication and thermal characterizations of the systems. 
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Brendan O’Conner group performed the mechanical test and Wei You group provided the PBnDT-

FTAZ.   

 

6.2 Introduction 

The revolutionary increase in power conversion efficiency (PCE) of organic solar cells 

(OCSs) has been attained through significant research efforts in the chemical tailoring of non-

fullerene small molecule acceptors (NF-SMAs). Exploiting the novel properties of these NF-

SMAs such as easy energy level tunability, and large absorption coefficient provides single and 

multi-layers bulk heterojunction solar cells with efficiencies over 14% and 15%, respectively. The 

low-cost processing of OCSs in addition to the high efficiency, close to the PCE of amorphous 

silicon solar cells, highlight the immediate needs to understand the long-term morphological and 

resulting operational stability. The long-term morphological stability of OSCs as an intrinsic 

degradation channel, which cannot be addressed with proper encapsulation, is considered as a 

prerequisite for the large-scale commercialization of the technology. However, the structure-

function relation of morphological stability of NF-OSCs remained mainly elusive to the field. 

Subsequently, the large variations in the thermal and morphological stability of polymer:NF-SMA 

blends, upon substitution of donor polymer or NF-SMA, persuades the field to rely on a trial-and-

error approach which restrains the efforts on the design of new materials. 

 The morphology of bulk heterojunction solar cells, during the film formation and device 

operation, is governed by both the kinetic and thermodynamic properties of the donor and acceptor 

materials. The morphology deterioration of polymer:SMA devices which can be defined as a 

deviation from the optimized initial quenched morphology can happen through two possible 

scenarios; thermodynamic relaxation of the blend from the initial quenched morphology to the 
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metastable thermodynamic state/miscibility gap (burn-in), or transition to liquidus composition by 

nucleation and growth of the crystallizable SMA. The morphology, in particular, purity of the 

mixed amorphous domains, has crucial impacts on the competition between extraction and 

recombination of the charges in the active layer. While a certain amount of mixed amorphous 

phases are crucial for efficient charge separation and extraction, a purity of these phases too low 

or too high can lead to the performance deteriorations of OSCs. The purity of mixed phases has 

been shown to be quantitatively related to phase behavior/miscibility of the donor polymer and 

SMA, e.g., low miscibility/large interaction parameter χ of the donor polymer and fullerene 

acceptors in PffBT4T-2OD:PC71BM causes over purification of the mixed phases and poor shelf 

stability. Surprisingly and unfortunately the blends with large interaction parameter, which is 

needed to achieve the proper phase separation, are the ones that undergo the most severe shelf 

degradation. In line with that, we recently showed that low miscibility NF-SMA devices consisting 

of a low glass transition Tg polymer, namely P3HT:EH-IDTBR blend, not only experience a severe 

and protracted burn-in but also can be prone to crystallization of the SMA, similar to their fullerene 

counterparts. Despite the considerable number of reports that introduce new polymer:NAF 

combination with good morphological stability the mechanism behind this stability (low burn-in 

and suppressed small molecule nucleation) remained mainly unexplored in the field of OSC.  

Here, we use secondary-ion-mass spectrometry (SIMS) to measure the temperature dependence 

diffusion coefficient in a representative set of systems (chemical structures are shown in Figure 

6.1a). We show that diffusions coefficients vary by many orders of magnitude upon substituting of 

the donor polymer or the NF-SMA. Schematic of the bilayer structures used for SIMS 

measurement is illustrated in Figure 6.1b. We relate these difference to the mechanical properties 

of the polymer and SMA consisting in the blends. We also use SIMS to measure equilibrium 
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composition of SMA in polymer blends and observed that majority of the highly efficient NF-SMA 

devices have an equilibrium amorphous-amorphous interaction parameter close or behind the 

percolation threshold of the polymer:SMA. The schematic of the phase diagram of a low 

miscibility blend consisting of low Tg polymer and flexible SMA is presented in Figure 6.1c. On 

the other hand, a low miscibility blend can be stable by suppressing the transition to miscibility 

gap (Figure 6.1d). The suppressed transition in a low miscibility binary blend can only be achieved 

through harnessing the mobility of SMA in the blend. This low mobility can also lead to the 

difficulty in transition to liquidus composition and over crystallization of the SMA. By 

characterizing the diffusion properties of more than ten different polymer:SMA blends with a range 

of structures we developed a structure-function relation which takes into account the planarity and 

shape factor of SMAs, and flexibility of polymers.  We also studied the ductility and change in the 

polymer backbone stiffness to get a greater insight into the morphological stability of the NF-SMA 

OSCs.  
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Figure 6.1.  (a), chemical structures of the polymers and the SMAs used in this study. (b), 

schematic of the reference and the thermally annealed polymer/SMA bilayer used for SIMS inter-

diffusion measurements. The phase diagrams of an amorphous polymer mixed with a crystallizable 

SMA in (c), a low vitrification blend with a flexible polymer and a low Tg SMA that leads to the 

mixed domains with the SMA composition lower than the optimum percolation threshold in the 

absence of SMA crystals. The low vitrification of these systems also allows the SMA to crystallize 

easily. (d), a highly vitrified system with a stiff polymer and high Tg SMA that maintains the 

optimum mixed domain morphology due to low mobility of SMA in polymer network and at the 

same time suppresses the crystallization of SMA. Points “A”, “P”, “B”, and “C” represent initial 

D/A ratio, optimum domain purity with percolation threshold, binodal/miscibility gap, and 

liquidus composition, respectively. The dashed lines in phase diagram represent the metastable 

miscibility gap. And, the dotted lines represent miscibility gap and liquidus in a highly vitrified 

system. These states can be reached only through a solid state transition. 
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6.3 Thermodynamic and kinetic characterization of polymer:NF-SMA blends 

 To establish a general structure-function relation we explored thermodynamic and kinetic 

behavior of 14 different polymer:SMA systems that span a range in performance and 

morphological stability. The SMAs and polymers used in this study are among those that are 

extensively used in the state-of-the-art NF-SMA OSCs. Figure 6.2a shows differential scanning 

calorimetry (DSC) thermograms of the neat polymers and SMAs used in this study. Unlike the 

traditional semiconductor conjugated polymers such as P3HT and PCDTBT, DSC of the common 

high efficiency polymers used in current studies such as, PBnDT-FTAZ (known as FTAZ), PTB7-

Th, and PBDB-T, do not show a clear backbone glass transition. On the other hand, all SMAs used 

in this study, except di-PDI which is an amorphous SMA, show exothermal cold crystallization 

transition which represents the possibility of crystal formation in these systems. The cold 

crystallization transition occurs at the temperature (Tc) where an SMA receives enough thermal 

energy to be mobile and form the crystals that are kinetically trapped in the quenched initial 

morphology. Although the SMA crystallization is likely to occur close to the glass transition 

temperature (Tg), reaching this temperature is not necessary and the crystallization can take place 

at longer time scales even at temperatures lower than the Tg. EH-IDTBR has the lowest TC (113 °C) 

which is consistent with low thermal stability of P3HT:EH-IDTBR and FTAZ:EH-IDTBR 

reported previously. PC61BM, IT-M, and, IEICO-4F have TCs at 149, 179, and 196 °C, 

respectively. And finally di-PDI shows a Tg at 138 °C. The difference in the range of Tc’s is 

attributed to the difference in the flexibility of the SMA backbone with EH-IDTBR and IEICO-4F 

being the least and most flexible SMA, respectively. 

 Kinetic and thermodynamic properties of an active layer can affect the morphological stability 

of the OSCs under different possible scenarios. Time of flight secondary ion mass spectrometry 
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(ToF-SIMS) measurements are carried out on polymer/SMA bilayer samples. SIMS being an 

element sensitive measurement, allows us to determine the miscibility and diffusion properties of 

a polymer/SMA blend by measuring the equilibrium composition and diffusion profile of an SMA 

into polymer network. Figure 6.2b shows the SIMS profiles of nine polymer:NF-SMA blends. 

The amorphous polymers such as, PBDB-T and PTB7-Th upon mixing with an SMA with 

suppressed crystallinity result in a simple two-phase morphology with a nearly pure SMA phase 

and a polymer:SMA mixed phase. While in case of P3HT:EH-IDTBR, there will be a third pure 

crystalline phase of the polymer due to the semicrystalline nature of P3HT. The SIMS 

measurements at specific temperatures provide insight into the highest achievable purity by the 

blends and the respective equilibrium compositions, which essentially is governed by the 

miscibility gap, in the absence of SMA crystals. From the equilibrium composition of the SMA at 

the polymer/SMA interface, we observe that most of these blends exhibit low miscibility with the 

SMA composition in the mixed domain below the percolation threshold. Such high χ systems show 

negligible temperature dependency of the equilibrium composition due to the high purity of the 

polymer rich phases in these systems. It is worth mentioning that, although P3HT:EH-IDTBR 

blend exhibits a higher SMA composition than the percolation threshold, it is observed to be a high 

χ system with a low degree of mixing at room temperature. Among the systems studied here, 

PBDB-T:IT-M and PTB7-Th:IEICO-4F have extremely low (1-3 vol%) SMA equilibrium 

composition in mixed domains with the reported PCEs of over 12%. From the thermodynamic 

perspective, the systems with the equilibrium composition below the percolation threshold 

experience a severe burn-in. However, surprisingly some of these systems like PBDB-T:IT-M 

show excellent shelf-stability after months of being stored in a glovebox under nitrogen 

atmosphere. 
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Figure 6.2 (a), DSC thermograms of the neat SMAs and polymers collected from the first heat 

with 3 and 10 °C/min heating rate. (b), Normalized SIMS profile of different bilayers annealed at 

different temperatures, all profiles were shifted horizontally to match the D/A interface for all 

systems. The annealing temperatures and time are as follows: P3HT:EH-IDTBR at 150 °C for 1 

minute, PTB7-Th:EH-IDTBR at 150 °C for 10 minutes, PTB7-Th:di-PDI at 145 °C for 12 hours, 

PTB7-Th:IT-M at 205 °C for 3 minutes, PTB7-Th:IEICO-4F at 225 °C for 10 minutes, PBDB-

T:EH-IDTBR at 140 °C for 5 minutes, PBDB-T:di-PDI at 225 °C for 30 minutes, PBDB-T:IT-M 

at 225 °C for 3 minutes, and PBDB-T:IEICO-4F at 225 °C for 10 minutes. (c), temperature 

dependent diffusion of different systems fitted by Arrhenius relation. (d), activation energies 

extracted from temperature dependent diffusion profiles and Arrhenius relation vs. amorphous-

amorphous interaction parameter χaa. 

 

 To understand the kinetic behavior of an NF-SMA in the blend, the diffusion profiles of the 

SMA in polymer networks were fitted with the 1D solution of the Fick’s second low. Subsequently, 
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the diffusion coefficients as a function of temperatures D(T) were modeled by Arrhenius relation 

(Figure 6.2c) which provides the activation energy for diffusion of different SMAs in a polymer. 

Due to the high diffusion rate of EH-IDTBR at elevated temperature and limited thickness of P3HT 

films in vertical direction we were able to measure only the lower limit of diffusion rate using the 

SIMS data. Subsequently, we used the domain size acquired from resonant soft x-ray scattering 

(R-SoXS) and the OSC shelf stability results at room temperature to calculate the diffusion 

coefficient at room temperature (this approach has been discussed in details somewhere else). M. 

Chabinyc et al. used lateral SIMS measurements to measure the D(T) of the P3HT/PC61BM 

system. As can be seen, P3HT/PC61BM has the highest diffusion magnitude and the lowest 

temperature dependence among all polymer/SMA systems studied here. PCBM and EH-IDTBR 

have the diffusion coefficients of 3.9×10-12, and 1.7×10-17 cm2/s at room temperature into P3HT 

matrix, respectively. These diffusion coefficients are corresponding to diffusion lengths of 63 µm, 

and 130 nm in a time scale of a month which is larger than normal exciton diffusion length (10-20 

nm) of in an organic active layer. Despite the five order of magnitude difference at room 

temperature diffusion coefficients of these two systems converge at higher temperatures. The 

convergence is due to stronger temperature dependence accounts for larger Ea of P3HT/EH-

IDTBR diffusion compared to P3HT/PCBM. On the other hand, PTB7-Th or PBDB-T bilayer 

made on EH-IDTBR results in lower diffusion coefficients 3.6×10-20 and 1.2 ×10-21 cm2/s at room 

temperature while these three systems have similar temperature dependence and Ea. The impact of 

such a diffusion property can be more clear when considering the higher end of the operating 

temperature range of an OCS (50-65 °C). For instance, EH-IDTBR can diffuse more than 180 nm, 

and 30 nm into PTB7-Th, and PBDB-T, respectively, at 50 °C after a year. These diffusion lengths 

would be enough to make an impact on device morphology and resulted charge generation and 
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extraction. The horizontally dashed rectangle in Figure 6.2c shows the range of the diffusion 

constant needed for an SMA to diffuse 20 nm in the time scale of one to ten years. Similar to P3HT 

based system in PTB7-Th and PBDB-T based systems, change of the NF-SMA can make a 

dramatic change in diffusion coefficient and its temperature dependence. Using di-PDI, IT-M, and 

IEICO-4F with PTB7-Th or PBDB-T results in a monotonic increase in activation energy and 

decrease in diffusion magnitude. The decrease in the diffusion coefficient after using other NF-

SMA instead of EH-IDTBR is the most evident in PTB7-Th/IEICO-4F and PBDB-T:IT-M system. 

The PTB7-Th/IEICO-4F and PBDB-T:IT-M have D (50 °C) equal to 1.3×10-24 and 1.8×10-26 cm2/s 

which corresponds to diffusion length of less than 0.2, and 0.01 nm after a year, respectively. Such 

small diffusion coefficients in PTB7-Th/IEICO-4F and PBDB-T/IT-M promise a robust 

morphology that is able to keep the optimal morphology achieved during the device processing. 

On the other hand, PTB7-Th/IT-M system exhibits a higher diffusion coefficient and smaller Ea 

compared to PTB7-Th/IEICO-4F. This higher diffusion and smaller activation energy can be 

attributed to the higher miscibility of PTB7-Th:IT-M compared to PTB7-Th:IEICO-4F which 

leads to higher plasticization of IT-M at the donor/acceptor interface. Subsequently, diffusion of 

IT-M in PTB7-Th can be more effortless with a lower activation energy. Figure 6.2d illustrates 

the activation energy of different SMAs into P3HT, HTAZ, PTB7-Th, and PBDB-T polymer 

matrix versus the amorphous-amorphous interaction parameter χaa. The amorphous-amorphous 

interaction χaa parameter was extracted from simulated binodal phase diagram using Flory-

Huggins model. The monotonic increase in the activation energy with increasing miscibility 

(decreasing χaa) indicates that Ea is mainly governed by the flexibility and the miscibility of the 

donor polymer and NF-SMA. The high miscibility of the donor polymer and the NF-SMA lowers 

the activation energy during diffusion due to an increased tendency of mixing at the interface. Due 
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to the presence of F- in both FTAZ and IEICO-4F we use PBDnDT-HTAZ (known as HTAZ) 

which share similar morphology with FTAZ to study the diffusion of IEICO-4F. It is evident from 

Figure 6.3 that both the diffusion coefficient and its temperature dependence in the case of IEICO-

4F appears to dramatically across the polymers. Lower temperature dependence of diffusion of 

IEICO-4F into HTAZ compared to PTB7-Th and PBDB-T results in a convergence of the values 

of diffusion constants at high temperatures. On the other hand, at lower temperatures close to the 

device operating temperatures a seven order magnitude difference in diffusion was observed 

comparing HTAZ/IEICO-4F and PBDB-T/IEICO-4F systems.  

 

Figure 6.3. Temperature dependence diffusion coefficient of PC61BM, and IEICO-4F molecules 

into the polymers with different ductility. 
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6.4 Shelf and Thermal stabilities 

 To elucidate the role of polymer and SMA on morphological stability of OSC, we investigate 

the shelf and thermal stability of different combinations of the polymer and SMA illustrated in 

Figure 6.4a and Figure 6.4b. In previous sections, we showed that equilibrium composition of 

most of the PBDB-T based systems such as PBDB-T:IT-M is well below the percolation threshold. 

Despite of low miscibility of polymer:SMA, this family of devices shows excellent shelf stability 

with a close to 5% PCE lost after being stored for 30 days inside a nitrogen filled glovebox.  Low 

burn-in of PBDB-T:SMA devices should be attributed to the small diffusion coefficient of SMAs 

into PBDB-T. The vitrified morphology of these blends suppresses both the transition to 

miscibility gap and crystallization as the main sources of morphology degradation. The PTB7-Th 

based OSC devices demonstrated slightly lower shelf stability compared to the PBDB-T based 

devices. The fast degradation in PTB7-Th based devices should be due to the faster diffusion of 

the SMAs through the PTB7-Th matrix compared to PBDB-T based systems. On the other hand, 

FTAZ:SMAs and P3HT:EH-IDTBR based devices show poor shelf stability. As discussed 

previously, P3HT:EH-IDTBR is a low miscibility system, due to which these devices suffer from 

severe burn-in and crystallization/catastrophic failure. While the FTAZ based systems exhibit 

higher miscibility and subsequently lower burn-in but they also suffer from crystallization failure. 

The PCE loss in the later systems is primarily due to the large diffusion coefficient of SMA into 

both FTAZ and P3HT at room temperature which make both the transition to miscibility gap and 

liquidus composition a feasible transition.  
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Figure 6.4 (a), Shelf stability of polymer:NF-SMA devices consisting of polymer and NF-SMA 

with different backbone flexibly stored under dark condition in nitrogen filled glovebox. (b), 

Thermal stability results of three polymers with different ductility each mixed with a planar or 

flexible NF-SMA. 

 

 To account for the longer time scale of shelf-stability we acquired temperature dependence 

stability data as an accelerated testing method. Time-temperature superposition principle predicts 

that a morphology attained at low temperature after a long period can be reached at higher 

temperatures in shorter time scale. Normalized PCE of devices utilizing FTAZ, PTB7-Th, and 

PBDB-T each mixed with one planar or flexible NF-SMA as a function of annealing temperature 

are shown in Figure 6.4b. Spun-cast films are annealed for 10 minutes before deposition of the 

metal electrodes (MoO3/Al). There is a clear difference in efficiency drop onset temperature 

(Onset-T), upon substitution of either the polymer or SMA. The lowest Onset-T is from FTAZ:EH-

IDTBR. The fast degradation for FTAZ:EH-IDTBR at low temperatures closer to device operating 

temperatures was expected knowing the large diffusion coefficient of EH-IDTBR into FTAZ 

compared to PTB7-Th and PBDB-T. On the other hand, the better thermal stability of FTAZ:ITIC 

compared to FTAZ:EH-IDTBR is consistent with better shelf stability FTAZ:ITIC and higher TC 

of ITIC compared to EH-IDTBR. EH-IDTBR based devices, when mixed with PTB7-Th and 
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PBDB-T, have thermal stability compared to FTAZ:ITIC. The better thermal stability in later 

systems is attributed to the lower diffusion coefficient of EH-IDTBR into PTB7-Th and PBDB-T 

polymers matrix. Also, both PTB7-Th:IEICO-4F and PBDB-T:IT-M show excellent thermal 

stability up to 175 °C. The high thermal stability of these active layers can be explained by slow 

diffusion (in order of 10-16 cm2/s) of IEICO-4F and IT-M into PTB7-Th and PBDB-T at elevated 

temperatures, respectively. While assuming a similar activation energy Ea for EH-IDTBR based 

systems and using the diffusion constant calculated at room temperature for FTAZ/EH-IDTBR 

returns the diffusion constant of 4.9×10-9 cm2/s at 175 °C which is seven orders of magnitude 

larger than the diffusion constants calculated in two former systems. Such a high diffusion rate is 

enough for an SMA to diffuse more than 10 µm in less 60 seconds. Subsequently, the OSC failure 

at elevated temperatures due to crystallization of EH-IDTBR and ITIC can be expected in FTAZ 

based systems. These results show the importance of both polymer donor and NF-SMA for long-

term stability. 

 To further elucidate the thermal properties of the blends we acquire DSC and grazing 

incidence wide angle x-ray scattering (GIWAXS) of the blends. Figure 6.5 shows the DSC 

thermograms of neat materials and binary blends of P3HT, FTAZ, PTB7-Th, and PBDB-T with 

EH-IDTBR. The cold crystallization and subsequently the melting of EH-IDTBR are suppressed 

in the blends consisting PTB7-Th and PBDB-T, but there is clear EH-IDTBR melting peak 

observable in P3HT and FTAZ blends. Figure 6.6 shows 2D GIWAXS of as-cast and thermally 

annealed blends annealed at 120 °C for 10 minutes. SMA scattering peaks are observable in 

annealed P3HT:EH-IDTBR and FTAZ:EH-IDTBR, while PTB7-Th:EH-IDTBR annealed film, 

does not show any sign of SMA crystallization. These results are consistent with the DSC of the 

blends. To further explore the crystallization of SMA in other systems we measured GIWAXS of 
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FTAZ:ITIC, and PBDB-T:ITIC annealed at elevated temperatures. The as-cast FTAZ:ITIC and 

PBDB-T:ITIC reveal no features corresponding to crystals of SMA but upon annealing at 

FTAZ:ITIC and PBDB-T:ITIC films at 150 °C and 180 °C some crystal features can be observed. 

Comparing the 180 °C samples in these two systems clearly, show the significant difference in x-

tale grows of ITIC in these two blends which is attributed to plasticization of SMA by FTAZ as 

the host polymer Figure 6.7.  

 

Figure 6.5. DSC thermograms collected from first heat cycle with 10 °C/min heating rate of neat 

EH-IDTBR, P3HT, PTB7-Th, and PBDB-T and the blends of polymer:EH-IDTBR with (8:2) D/A 

weight ratio. Despite of having the same D/A ratio the melting peak at 218 °C is not observable in 

PTB7-Th:EH-IDTBR and PBDB-T:EH-IDTBR systems while a clear melting peak can be seen in 

P3HT:EH-IDTBR system. The absence of EH-IDTBR melting peak in PTB7-Th and PBDB-T 

system is due to the vitrified NF-SMA crystallization in these systems. 
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Figure 6.6. 2D-GIWAXS patterns of (a), and (d), P3HT:EH-IDTBR as-cast and thermally 

annealed films, respectively. (b), and e, FTAZ:EH-IDTBR as-cast and annealed, respectively. And 

(c), and (f), PTB7-Th:EH-IDTBR as-cast and annealed films, respectively. The thermal annealed 

samples were heated at 120 °C for 10 minutes. 

 

 

Figure 6.7. 2D-GIWAXS patterns of as-cast and thermally annealed (a-d), FTAZ:ITIC and (e-h), 

PBDB-T:ITIC  films. The thermal annealed samples were annealed at elevated temperatures for 

10 minutes. 
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6.5 Mechanical properties 

 To understand the extent of vitrification in the blend films, we implemented the film on 

elastomer (FOE) approach to determine stiffness and ductility (by measuring crack onset strain 

(COS)) of the neat polymers and the blends. This helped us establish a relationship between the 

mechanical and the thermal stability. COS was measured by printing the film on a host elastomer 

substrate polydimethylsiloxane (PDMS) which was treated in the UV-O3 chamber for 10 minutes. 

The substrate is then stretched uniaxially until the formation of cracks observed under an optical 

microscope. The strain at which first cracks are observed is identified as the COS. The D/A ratio 

of the blend films was maintained at 1:1 even though not all blends exhibited the best performance 

at this ratio. This essentially helped us delineate the antiplasticizing effects of the SMAs from the 

fraction of SMA in the blend film. Figure 6.8a illustrates the COS of different neat and 

polymer:SMA blends. FTAZ was found to be the most ductile with the COS of 102% and PBDB-

T most brittle with that of 34%. PTB7-Th exhibited intermediate ductility with the COS of 71%. 

The films of PBDB-T also exhibit the highest stiffness with the elastic modulus (Ef) of 0.88 GPa, 

followed by PTB7-Th and FTAZ with the Ef of 0.55 and 0.37 GPa (details on elastic modulus 

measurement can be found in SI).  These results along with the difference in the planarity and size 

properties of the NF-SMAs can explain the significant variations observed in the diffusion 

properties upon substitution of the donor polymer and SMA. For instance, even though PTB7-

Th/EH-IDTBR and PBDB-T/EH-IDTBR have similar temperature dependence and Ea, they 

exhibit the difference of one to two orders of magnitude in the value of diffusion constants at each 

given temperature. On the other hand, a monotonic increase in ductility/COS of the blend films 

can be observed with the increase in flexibility of the SMAs. The larger COS of FTAZ based 

systems is indicative of a higher ductility of these blends which correlates to the higher diffusion 
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coefficient of these PSCs compared to other systems. In line with diffusion and stability results, 

blends of PTB7-Th:SMA have COS magnitude smaller than the COS of FTAZ:SMAs and larger 

than PBDB-T:SMAs. These data also explain good shelf stability of PBDB-T systems as all of the 

PBDB-T blends have low ductility with the lowest ductility corresponding to PBDB-T:IT-M, 

which is the blend with one of the lowest diffusion constant at room temperature. 

 The stiffness of the polymer backbone is strongly affected by its Tg. Dynamic mechanical 

thermal analyses (DMTA) were performed on neat polymers to identify their Tgs. Multiple 

transitions were observed in the case of all three polymers, but none of them could be identified 

as glass transition. It can be observed that the drop in stiffness (storage modulus) of the FTAZ 

backbones was much sharper with temperature which correlates well with the faster diffusion of 

SMAs through the FTAZ matrix. In addition to that, a transition, in the case of PBDB-T, was 

observed at –24 °C which was quite close to the transition temperature (-26 °C) of FTAZ, much 

lower than that of PTB7-Th (4 °C). However, PBDB-T exhibited a much lower ductility compared 

to PTB7-Th. The low temperature transitions are corresponding to β-transition which is attributed 

to the sidechain glass transition.  
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Figure 6.8. (a), COS measurements performed on the neat polymers and their binary blends with 

different SMAs with 1:1 D/A ratio. (b), DMA results of FTAZ, PTB7-Th, and PBDB-T collected 

with 3 °C/min heating rate. We prepare the samples by drop-casting the polymer solution on woven 

glass fibers cut at 45° and test them in tensile mode. The temperature scans are performed at the 

heating rate of 3 °C/min and the oscillation frequency of 1 Hz. (c), and (f), neat FTAZ, and PBDB-

T films stretched to a strain of 100%, 40%, respectively. (d-e), and (g-h), FTAZ:EH-IDTBR, 

FTAZ:ITIC, PBDB-T:EH-IDTBR and PBDB-T:IT-M films with 1:1 D/A ratio stretched to a strain 

of 50% which is behind the COS of all the blends. 
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6.6 Discussion 

 Overall, by characterizing the diffusion properties of more than ten different polymer:SMA 

blends with a range of structural flexibilities we develop a structure-function relation which takes 

into account the planarity and shape factor of SMAs and flexibility of polymers. Our results show 

that majority of the OSCs utilizing NF-SMA are low miscibility systems with an equilibrium 

composition of SMA in the mixed domain below the so-called percolation threshold.  The low 

miscibility of these blends highlights the fact that these high efficiency solar cells are at their best 

meta-stable devices. The complex vitrification effects of polymer donor and SMA are shown to 

have a vital role on diffusion properties and long-term morphological stability of OCSs. In the 

presence of a repulsive thermodynamic driving force, the flexibility of a polymer and/or an SMA 

increases the possibility (or probability) of phase separation and crystals growth that are the 

deteriorative factors in most of the OSC devices. The higher flexibility of an NF-SMA, during the 

diffusion process, allows a piecewise motion which requires less polymer segments to move while 

with more planar NF-SMAs larger free volume is needed for the diffusion. As a result, the higher 

diffusion rate of EH-IDTBR is expected due to lower Tg of it compared to other NF-SMAs. The 

high flexibility of EH-IDTBR is likely attributed to the relatively large steric hindrance of 

BT/benzene unit in its chemical structure (which leads to a less planar backbone). Besides the 

flexibility of the NFA-SMA backbone the size of the flexible segment also plays a role in the 

diffusion properties of a blend. Although di-PDI is a flexible NF-SMA, the larger PDI units in di-

PDI compared to BT and rhodanine units in EH-IDTBR should be the reason behind the smaller 

diffusion coefficient of di-PDI into the polymer matrix. On the other hand, the IT-M and IEICO-

4F are NF-SMAs, with the highest Tg/Tc accounts for the least flexible backbone, are the ones with 

smallest diffusion coefficient and largest activation energy. 



   

137 

 

 Compared to effects of NF-SMA, the effects flexibility of the polymer backbones/chains on 

the diffusion of SMAs, is even more pronounced. For the fullerene based SMAs mixed with 

classical semi-conductor polymers such as P3HT and PCDTBT (Tg= 141 °C), it has been shown 

that the PCDTBT with the higher Tg vitrifies the blend morphology. As discussed, P3HT/PC61BM 

has the highest diffusion magnitude and the lowest temperature-dependence which can be 

attributed to two characteristics of the blend constituents; first, the flexibility of the P3HT chains 

with a Tg close to room temperature that can provide cooperative segmental motion, and second 

the isotropic shape and low molecular weight of PC61BM which reduce the conformational 

requirement and free volume needed for the diffusion of the PC61BM molecules into the polymer 

matrix. P3HT and FTAZ are ductile polymers as a result upon mixing with EH-IDTBR, P3HT:EH-

IDTBR and FTAZ:EH-IDTBR are prone to both the amorphous-amorphous thermodynamic 

relaxation and over crystallization. On the other hand, PTB7-Th, and PBDB-T with lower ductility 

compared to FTAZ, have good thermal and shelf stability even when they are mixed with EH-

IDTBR. Although systems such as PBDB-T:EH-IDTBR with a low ductility polymer and 

FTAZ:ITIC with planar NF-SMA can have a relatively good shelf and thermal stability. Our results 

predict that OSC can be a viable technology with long-term morphological stability in order of 5-

10 years only if a combination of a polymer with low chain flexibility and planar NF-SMA are 

being used. Such as PBDB-T mixed with more planar NF-SMAs such as IEICO-4F and ITM. The 

blend of PTB7-Th with IEICO-4F also provides the long morphological stability due to its low 

diffusion rate and large Ea. 

 Our results indicate there is a trade-off between the thermodynamic miscibility and 

morphological stability of OSCs. Although the certain amount of ductility is needed to make a 

device more stable upon mechanical stress during the lifetime an OSC. The most thermally and 
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morphologically stable solar cells are the ones that utilize low ductility polymer and planar NF-

SMAs with such as PBDB-T:IT-M and PTB7-Th:IEICO-4F. These systems show the diffusion 

constant in order of 10-27 to 10-29 cm2/s at room temperature. The small diffusion coefficient at 

operating temperatures creates a robust morphology that can lock the initial vitrified morphology. 

In general, a system with good morphological stability needs to meet a number of criteria. First, 

the blend should be consisting of either an amorphous NF-SMA with the proper amount of phase 

separation in a blend or a crystallizable NF-SMA with vitrified/suppressed crystallization caused 

by low diffusion constant of NF-SMA in the donor polymer. Second, the optimum morphology 

must maintain the mixed domains with ideal NF-SMA composition close to the percolation 

threshold. The latter criterion is governed by thermodynamic driving forces and cannot be altered 

by processing conditions, as a result, an applicable approach is locking the morphology at the 

optimum composition which can be achieved only through proper vitrification of the blend. 

 Take into consideration the irradiation and mechanical stress as common instability sources 

more efforts are required to design the new NF-SMAs systems which address all the issues. For 

instance, ITIC NF-SMA and its derivatives are one of the most widely used SMA with the record 

efficiency. This family of NF-SMAs provides slow diffusion rate that leads to promising 

morphological stability that makes them a good candidate for future application. But unfortunately, 

they have shown to suffer from poor light stability. On the other hand, EH-IDTBR with a good 

light stability is a flexible NF-SMA which is prone to both burn-in and crystallization due to its 

high diffusion rate. PDI based SMAs are the traditional NF-SMAs that also show excellent light 

stability as PDI dyes were used as car paints. But to suppress the adverse effects of 1D π stacking 

of PDI these PDIs are linked with a planar or non-planar core. The links between the units lead to 

more flexibility and pieswise motion of PDI based SMA and subsequently the fast diffusion. All-
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polymer solar cells also show good shelf, thermal, and stress stability. But considering the need 

for time-consuming purification for both the donor and acceptor polymers and the complication of 

controlling the morphology of all-polymer solar cells makes these type of solar cells less 

investigated and desirable for both industry and lab based applications. An immediate solution to 

low morphological stability of the flexible NF-SMAs can be synthesizing of new dimer or trimer 

molecules. More efforts are required to elucidate the effect of dimerization on the PCE, and 

stability of the NF-OSCs. 

 

6.7 Conclusion 

 In conclusion, we show a structure-function relation for the morphological stability of NF-

OSCs. It has been shown here that majority of the NF-SMA OSCs are low miscibility systems 

with NF-SMA composition below the percolation threshold where the quenched morphology is 

far from the equilibrium miscibility gap. We relate the morphological stability of these systems to 

the diffusion coefficient of SMA into the polymer matrix. Although the flexibility of the organic 

devices has been highlighted as one of the main advantages of the technology, our results show 

that most of the flexible NF-SMA devices suffer from either the high burn-in and or the 

crystallization failure of the active layer in a short time scale. We show that only the systems 

consisting of low ductility polymer and planar NF-SMA have the prerequisite of long-term 

morphological stability. We further investigate the mechanical properties of a range of NF-SMA 

OSCs and show that there is a close relation between mechanical properties of a blend and 

morphological stability. As the stability of NF-OSCs improved behind a year the structure-function 

relation presented here can predict the long-term morphology stability without the requirement of 

continuous measurement over 1-10 years.  
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6.8 Methods  

 DSC measurements: DSC measurements of the neat and blend materials was done by TA 

Discovery DSC. To increase the temperature resolution heating rate of 3 °C/min was used for neat 

SMA. Other DSC thermograms are collected with 10 °C/min unless otherwise mentioned. Neat 

and blend materials used for DSC are dissolved in CB with 15 mg/ml total concentration. The 

overnight dissolved solutions were drop cast on pre-cleaned glass slides which were subsequently 

annealed at 80 °C for 20 minutes to remove the residual solvents remained in sample. The dried 

films are transferred to the aluminum pans and sealed before DSC measurements. 

GIWAXS characterization: GIWAXS measurements were performed at beamline 7.3.31 at the 

Advanced Light Source (ALS). Samples were prepared on Si substrates using identical blend 

solutions as those used in devices. The 10 KeV X-ray beam was incident at a grazing angle of 

0.13o, which maximized the scattering intensity from the samples. The scattered X-rays were 

detected using a Dectris Pilatus 1-M photon counting detector. Samples were prepared on Si 

substrates.  

SIMS measurements: Neat SMA and polymer were separately dissolved in CB or CF overnight. 

Then dissolved SMA were coated on a ZnO coated Si subestrate. Polymer neat films were spin 

cast on spin cast on polystyrene sulfonate (PSS) coated glass. The neat polymer and SMA films 

were vacuum (1×10-6 Torr) dried at room temperature for a day to remove the residual amount of 

processing solvent before making the bilayer sample. Polymer films were floated onto DI water 

and picked up with the supported Si supported SMA, thereby forming a bilayer of polymer/SMA 

on the ZnO/Si substrates. The formed bilayer filmed were kept at room temperature overnight and 

subsequently were moved to vacuum chamber at room temperature and were kept for 12 hours to 

remove the residual amount of water trapped at the interface between polymer and SMA. The 
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SIMS characterizations were carried out in a Time-of-Flight Secondary Ion Mass Spectrometer 

(TOF-SIMS) (ION TOF V, Inc. Chestnut Ridge, NY) at NCSU. Dual-beam dynamic SIMS mode 

was used to provide high depth resolution and chemical resolution simultaneously, where Bi++ was 

employed as the primary ion and Cs+ was employed as the sputtering source. The sputtering ions 

with energy of 10 keV were used to sputter the organic interfaces. Different molecular fragments 

were chosen in different system to have a good depth resolution and material contrast between 

polymer and SMA. The analysis chamber pressure is maintained below 5.0×10-9 mbar to avoid 

contamination of the surfaces to be analyzed.  

Shelf and thermal stability of OCSs: The best performance for the polymer:SMA devices was 

achieved with an inverted structure of ITO/ZnO/polymer:SMA/MoO3/Al and the details are as 

follows. Pre-patterned ITO-coated glass with a sheet resistance of ~15Ω per square was used as 

the substrate. The ITO substrates were cleaned by sequential sonication in soap DI water, DI water, 

acetone and isopropenoal for 15 minutes at each step. In the next step, the ITO substrates were 

UV-Ozone treated for 60 minutes prior to spin casting a ZnO electron transport layer by 4000 

r.p.m. from a ZnO nano particle solution. To completely dissolve the polymer, the active layer 

solution dissolved in chlorobenzene or toluene were stirred at top of a hotplate at 80 °C at least for 

3 hours. Active layers were spin coated from the polymer solution to obtain thicknesses of ~100 

nm. The polymer:SMA films were then annealed at different temperatures for 10 min before being 

transferred to the vacuum chamber of a thermal evaporator inside the same glove box. 10 nm of 

MoO3 was deposited as the anode interlayer under vacuum followed by 80 nm of Al as the top 

electrode. J-V characteristics were measured under AM1.5G light (100 mWcm-2) using a Class 

AAA Newport solar simulator. The light intensity was calibrated using a standard Si diode (with 

KG5 filter, purchased from PV Measurement) to bring spectral mismatch to unity. J-V 



   

142 

 

characteristics were recorded using a Keithley 236 source meter unit. Typical cells have devices 

area of 6.90 mm2, which is defined by a metal mask with an aperture aligned with the device area.  
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Chapter 7 

Conclusions and Outlooks 

 The rapid progress in OSC field has been mainly attained by concreted efforts in material 

synthesis, morphology control, and new processing techniques. By approaching the over 15% PCE 

which can be considered as industry standards, single-junction OSCs are close to 

commercialization as a viable technology. Besides the high efficiency, the stability of the OSC 

also needs to be addressed as a prerequisite for commercialization. Owing to the tremendous 

research efforts on understanding the underlying physics of BHJ OSCs, it has been shown that 

almost all steps of device mechanism, from photon absorption to charge extraction, are closely 

related to the morphology of the active layer. Organic active layers are complex systems with low 

ordering compared to their inorganic counterparts. Due to this complexity, different approaches 

and measurement techniques are required to shine a light on different aspects of the morphology 

and its relation to device performance. The extent of the morphology applications are not limited 

to an explanation of the differences observed in the performance of different systems or processing 

techniques. The morphology of the active layer also plays a vital role in the stability of the OCSs. 

Unfortunately, the complexities of the morphology-performance relation persuade the field to rely 

on a trial-and-error approach which restrains the efforts on the design of new materials.  

 The morphology evolution in an organic active layer is governed by phase behavior of a 

system. Subsequently, the knowledge of phase behavior provides the capability of the predicting 

the outcome morphology. The importance of morphology and its immediate relation to 

performance highlights the urges for structure-function relations which are capable of predicting 

the morphology and subsequently performance of OSCs. The phase behavior of a system is an 

entangled outcome of the kinetic, entropic, and energetic interaction of the components forming 
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the blends. Two latter parameters can be summed up in the Flory-Huggins interaction parameter 

of an amorphous-amorphous system. And the kinetic factor is what determines the probability of 

a transition from a quenched state to a thermodynamic state. Different tools and measurement 

techniques such as DSC, UV-Vis, R-SoXS, GIWAXS, STXM, and SIMS can be used to study the 

phase behavior of an organic system systematically. Among all the techniques mentioned above 

DSC and SIMS stand out for studying the morphology evolution and phase behavior of a system. 

 DSC can provide useful information on both the kinetic and thermodynamic factors of 

morphology, besides DSC is also widely accessible in research labs. The kinetic factors such as 

cold-crystallization, melt-crystallization, and the change in glass transition temperature can be 

studied by DSC. DSC can also provide quantitative information on χ and miscibility of organic 

blends. As one of the first step to understand the structure-function relation of polymer:polymer 

blends, for the first time in the OSC field we use DSC measurements and show that high miscibility 

on account of a negative χ of a polymer:polymer blend is responsible for low purity and 

subsequently low efficiency of a ternary solar cells. Furthermore, using the information gained 

from the phase behavior of the polymer-polymer system we successfully develop a new concept 

where stratified BHJ structure was used to kinetically suppress the detrimental effects of high 

miscibility. 

 In line with the efforts to understand the border aspects of the structure-function relation, we 

use SIMS as a screening tool which is capable of providing quantitative information on both the 

kinetic and thermodynamic effects in the blends. We first determine the temperature-dependent 

effective amorphous-amorphous interaction parameter, χ(T), by mapping out the phase diagram of 

a model amorphous polymer:fullerene material system. We then establish a quantitative “constant-

kink-saturation” relation between χ and performance (i.e., fill factor) in organic solar cells that is 
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verified in detail in a model system and delineated across numerous high and low performing 

materials systems.  

 The morphology evolution through time is one of the main factors which determines the 

lifetime of an OSC. With the recent progress in the field of OSC, some systems have lifetime 

behind one year. Therefore, there is a clear need for a structure-function relation which ideally is 

capable of predicting the morphological stability of the active layers. To investigate the 

morphological stability and its structure-function relation, we first show that a system with 

optimum miscibility close to the percolation threshold can be a stable system. But a system with 

low miscibility can experience a severe burn-in which leads to performance degradation. Our 

results highlight the intrinsic problem of the non-fullerene system which essentially can suffer 

from different types of morphological degradation mechanisms (i.e., burn-in and crystallization). 

In the next step, we use SIMS to measure the temperature dependence diffusion coefficient D(T) 

in a representative set of systems to investigate a set of polymer:NF-SMA systems with a range of 

stability and efficiency. Our results represent a quantitative relation between mechanical properties 

and morphological stability of a blend. Furthermore, a structure-function relation for the first time 

in OSC filed is observed between the diffusion activation energy Ea and χ which explains the 

physics behind the stability of some high-efficiency systems.  

 The current structure-function analysis in the OSC filed provides mostly post-mortem 

morphology characterization and heuristic correlations to processing conditions. Subsequently, the 

resulting wide-spread trial-and-error approach has been labor intensive and restrained progress. 

Considering the large number (>1000) of possible polymer:small molecule pairs, identification of 

a measurable material parameters (i.e. χ and D(T)) that control morphology are emerging as an 

important field of study to complement the more heuristic approaches of combinatorial chemistry 
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and combinatorial device optimization. The non-trivial quantitative structure-function relations 

represented in our works provide a guideline to synthetic chemists and others working in OSC 

field, before the labor-intensive synthesis and device optimizations are attempted.  


