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ABSTRACT 

Device Strategies Directed to Improving the Efficiency of 

Solution-Processed Solar Cells 

Ru-Ze Liang 

In the last decade, organic photovoltaics (OPVs) have been attracting much 

attention for their low cost, and feasibility of mass production in large-area modules. 

Reported power conversion efficiencies (PCE) of organic solar cells have reached more 

than 10%. These promising PCEs can be realized by uncovering important principles: (1) 

rational molecular design, (2) matching of the material energy level, (3) favorable 

morphology of donor-acceptor (D/A) network, (4) higher carrier mobilities, and (5) 

suppression of charge recombination within the bulk heterojunction (BHJ). Though 

these key properties are frequently stated, the relationships between these principles 

remain unclear, which motivates us to fill these gaps. 

In the beginning, we show that changing the sequence of donor and acceptor 

units of the benzodithiophene-core (BDT) SM donors critically impacts molecular 

packing and charge transport in BHJ solar cells. Moreover, we find out that by adding 

small amount of the external solvent additive, the domain size of the SMFQ1 become 

relatively smaller, resulting in the FF enhancement of ~70% and thus pushing PCE to 

>6.5%.  
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To further improve the device performance, we utilize another technique of 

device optimization: Solvent Vapor Annealing (SVA). Compared with solvent additive, 

the SVA creates a solvent-saturated environment for SMs to re-arrange and crystalize, 

leading to PCE of >8%, with nearly-free bimolecular recombination. 

When the systems are shifted from fullerene acceptors to nonfullerene 

acceptors, using solvent additives in indacenodithiophene-core (IDT) systems 

significantly reduces the domain size from >500nm to <50nm and also allows the SM 

donors to orderly packed, rising the PCE from <1% to 4.5%. Furthermore in a similar 

IDT-based system, it shows unexpectedly high VOC and low energy loss, and high PCE > 

6% can be reached by employing the dimethyl disulfide (DMDS) as the SVA solvent to 

re-organize the morphology from excessive mixing to ordered phase-separated D/A 

network. 

Lastly, taking advantage of the distinct and complementary absorption of 

fullerene and nonfullerene acceptors, we show that the SM ternary system successfully 

realizes the high PCE of 11%, good air stability, and scalable property. 
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CChhaapptteerr  11                                                                                                                

Introduction of Organic Solar Cells 

1.1 Introduction 

With the rapid development of high technology industry and modern lifestyle, 

global energy consumption has been increasing over recent decades while major 

conventional energy resources, including fossil oil, charcoal and natural gas, are quickly 

depleting. These traditional energy resources, which supply over 80% of the total energy 

used by humans, have also become the major source of carbon dioxide (CO2) released 

into the atmosphere, resulting in irreversible damage to the environment.1-2 It is thus 

imperative that a green, sustainable and efficient alternative be found to change the 

current global energy mix.  

Among the many 

renewable energy sources 

that have been proposed 

(such as wind, solar, nuclear, 

hydroelectricity or biofuels), 

Figure 1.1. Global availability of selected renewable 
energy resources.1 



24 

 

solar energy, or photovoltaics (PV), represents one of the most dynamically growing 

branches of the industry at the moment. Figure 1.1 displays the global available powers 

for renewable energy;1 hydroelectric (including tide and waves), biomass and 

geothermal renewable energies, for instance, are estimated to generate only 53 TW of 

energy, which appears able to meet the predicted world energy demand of 30 TW by 

2050.3 However, harvesting these energies of 53 TW necessitates building a dam on 

every river, capturing every wave, and constructing geothermal power plants in certain 

geothermal areas over the world. These plans may not only involve high cost issues and 

high energy conversion efficiency (> 50%), but may also lead to unexpectedly 

environmental impacts. On the other hand, wind power, which possesses 870 TW of 

available power, is relatively easy to exploit because wind turbines can be built quickly 

in large numbers and this makes wind a viable option for generating power on the >10 

TW scale. Nonetheless, the noise made from wind turbines limits the installation 

location to certain desolate areas, and thus is threatening to wildlife such as birds. 

Furthermore, the wind sources are unpredictable so that providing stable electricity 

from wind energy to human society would be hindered. 

So far, solar energy is the largest renewable source that exists on Earth. Owing to 

a steady supply from solar radiation a huge amount of solar energy (ca. 86,000 TW) is 

delivered to the surface of the earth, where around 600 TW of solar energy can 

potentially be exploited.1 If the solar energy can be efficiently harvested, the increasing 

demands of global energy would be more than satisfied. Though the cost of PV remains 

relatively high, it has dropped dramatically in recent years and is still on a downward 
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trend. A main driving force behind the development of solar energy is its enormous, 

practically unlimited potential. Compared with other renewable energies, solar energy 

also has the advantage of worldwide utilization. 

Generally, PV technology can categorized into three generations. The first 

generation is based on crystalline silicon semiconductors, the most commercially 

available solar cells, currently dominating up to 90% of the photovoltaic market. The 

second generation consists of thin film technology, processed from amorphous silicon, 

cadmium telluride, or copper indium gallium di-selenide (CIGS), and has gained 

popularity because it requires less consumption of semiconductor materials than the 

first generation. Nevertheless, the high material and manufacturing costs, lack of 

flexibility, and environmental pollution associated with these inorganic solar cells limit 

their widespread application. 

Organic photovoltaics (OPV) are regarded as part of the third generation of solar 

cells together with Dye Sensitized Solar Cells (DSSC) and hybrid organic-inorganic 

perovskites. Due to being lightweight, flexible and costing little to produce, this new 

technology is considered to overcome those issues mentioned above for first and 

second generation solar cells. Besides, OPV can be deposited at lower temperature 

condition by employing solution processing techniques such as spin coating, roll-to-roll, 

blade coating, ink jet printing and screen printing techniques, broadly widening the 

compatibility with any substrate including flexible plastic foils and thus maximizing the 

application of large surface areas. As shown in Figure 1.2, despite the fact that the 

device power conversion efficiencies (PCE) have been reported to be over 10%, the 
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relatively low device efficiency and stability still prevent OPV from entering large scale 

production within the industry. Therefore, in-depth research and development efforts 

on rationale organic material design, morphological control, interfacial and device 

engineering as well as material and device stability are in high demand in order to bring 

OPV to a higher level of solar cell performance. 

 

 

Figure 1.2. Efficiency-chart showing the best research solar cells summarized by the 

National Renewable Energy Laboratory (NREL). 

 

1.2 The Development of Organic Solar Cells 

In 1977, the discovery of conductivity-tunable doped conjugated polymers opened 

the field for economical semiconductor production made from polymers. With the 
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demonstration of the photovoltaic effect in organic materials by using cheap polymer 

semiconductors as a functional material to harvest light energy, organic materials have 

emerged as a promising candidate for PV technology. Because of their light weight, 

mechanical flexibility, solution processability, and large-area cost-efficient manufacture 

compatibility, organic materials have successfully attracted a significant amount of 

attention from researchers and scientists in the past two decades. Up to now, organic 

solar cells have recorded up to ca. 13% of device efficiency.4-5 

 

1.3 Organic Semiconductors 

Organic semiconductors are conjugated organic molecules that possess 

alternating double and single bonds along the backbone. In a simple case, this bonding 

motif leads to a linear chain of sp2 hybridized carbon atoms that have overlapping 

π-orbitals. The electrons in these overlapping π-orbitals are delocalized and can travel 

along the conjugated backbone, giving rise to charge-carrier transport. However, the 

length scale of delocalization for charge carrier transport in these materials is relatively 

short because organic materials are much more disordered than crystalline inorganic 

semiconductors. Take a polymer for example: a bend in the polymer chain may prevent 

strong π-orbital overlapping between adjacent carbon atoms in a portion of a molecule. 

Unlike inorganic semiconductors where excited charge-carriers are well described by 

waves propagating throughout a whole single crystal, the length scale for charge-carrier 

delocalization in organics is on the order of tens of monomer repeat units (or fewer) 

along a polymer backbone.6 Further discussion of organic semiconductor fundamentals 
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is beyond the scope of this proposal, but more information can be found in textbooks by 

Turro et al.7 

 

1.4 Small Molecules v.s. Polymers 

Organic semiconductors are commonly divided in two classes: small molecules 

(SM) and polymers. Although organic small molecular semiconductors were the first 

to be tested and fabricated via vacuum deposition,8 polymers have since attracted a 

tremendous amount of interest from the scientific community because of their 

compatibility with solution processing. A plethora of studies have been carried out on 

polymeric donor materials.9 Since polymers exhibit some limitations on 

batch-to-batch issue, purities and complicate synthesize routes,9 small molecules 

have recently attracted increasing attention from researchers as a credible challenger 

to polymers, which is emphasized by recent improvements in their film formation.10 

As shown in Figure 1.3, while single junction polymer solar cells (PSCs) have 

demonstrated excellent device efficiency of over 11%, small molecule solar cells 

(SMCs) have also been reported as a rising star in terms of PCE over 10%. 

The majority of semiconducting polymers mentioned in the literature embed 

thiophene, benzothiadiazole, diketopyrrolopyrrole or benzodithiophene moieties,11-14 

which show premier device efficiencies of around 10% in single junction cells when 

blended with fullerenes.15-18 Generally speaking, polymers offer good film formation, 

efficient hole transport and desirable mechanical properties. The tuning of polymer 
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morphology has been the subject of extensive research, which has led to significant 

improvements in SMC performances.19 Despite the rapid development of PSCs, some 

limitations have emerged in polymer syntheses involving variation in the 

regioregularity, molecular weight control, purification, and high polydispersity index 

from batch to batch.20 Consequently, poor reproducibility of device performance and 

time-consuming procedures of re-optimization for batches of polymers would result 

in difficulties in mass production, scaling and enhanced production costs in industry 

application. 

 

Figure 1.3 Evolution of the PCE for polymers (blue squares) and small molecules (red 

circles) in single junction solar cells from 2003-2016. [Data adopted]4, 21-24 

 

In contrast, SM do not have the drawbacks mentioned above. Instead, SM have 

many merits, including high purity, well-defined molecular structures, definite 

molecular weights, and high charge carrier mobility.25 These prominent benefits 
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illustrate that SM devices have more advantages over polymer based devices in terms 

of their performance reproducibility. In addition, SM devices generally demonstrate 

comparably high mobility and VOC values compared to their polymer counterparts.23, 

26-28 As a result, SM have attracted more and more attention for photovoltaic 

applications in recent years. The highest PCEs of solution processed BHJ devices have 

reached 10.1% for single solar cells23 and 10.1% for tandem solar cells.29 However, it is 

fair to say that the studies of solution-processed SMCs have been much less explored 

compared with those for PSCs over the past 10 years (Figure 1.3), though the overall 

performance is catching up and becoming similar to the best obtained for PSCs.23 

These significant recent developments together with the fundamental merits indicate 

that SMCs have played an important role for organic devices in general and are likely 

to achieve the same or even better performance than PSCs. 

 

1.5 Working Principles of OPVs 

An organic solar cell aims to convert the photons from the sun into free charge 

carriers and thereby into electrical power. Figure 1.4 displays a simple overview of the 

photovoltaic process, which can be divided into four steps:30 

a. Absorption of a photon and generation of an exciton (electron – hole bound 

pair) by either the donor or the acceptor. 

b. Diffusion of the exciton to a donor/acceptor interface. 

c. Transfer of the charge from donor to acceptor or from acceptor to donor and 
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formation of free charge carriers through charge transfer (CT) and charge 

separation (CS). 

d. Charge transport and collection at the electrodes. 

First a photon is absorbed, which creates an exciton. The exciton then 

transports to an interface with an acceptor. Once at the donor/acceptor (D/A) 

interface, the electron and hole form a charge transfer (CT) state with the electron on 

the acceptor and the hole on the donor. If the binding energy of the CT state can be 

overcome the electron will be transferred to the lowest unoccupied molecular orbital 

(LUMO) of the acceptor, while the hole is transferred back to the highest occupied 

molecular orbital (HOMO) of the donor. Due to the internal electric field created by 

the asymmetry of the electrode work functions, the hole will then drift through the 

donor domains toward the anode and the electron will travel through the acceptor 

domains toward the cathode. Finally, these photogenerated charges are collected at 

their respective electrodes and a measurable photocurrent is established.31 Ideally, 

every incident photon would be successfully converted into an electron and hole that 

are collected at the electrodes. However, in reality each step of the above 

photovoltaic process from absorption to collection is wrought with potential loss 

mechanisms that limit the overall PCE of OPV devices. These potential losses can also 

be categorized into geminate recombination and non-geminate recombination, and 

the latter further contains bimolecular recombination, trap-assisted recombination, 

and auger recombination.31-35 
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Figure 1.4 Schematic diagram of the operating mechanism of an organic solar 

cell. 

 

1.6 Active Layer and Device Structures 

Nowadays, donor and acceptor materials can be deposited as two distinct 

active layers (planar p-n heterojunction; PHJ) or blended in a homogenous mixture 

throughout an interpenetrating network known as bulk heterojunction (BHJ), which 

presents a larger interfacial area within the photoactive layer.9-10 As shown in Figure 

1.5, these two deposited layer types are sandwiched between two electrodes. 
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Figure 1.5 Schematic diagram of organic solar cells with (a) a bilayer PHJ layer 

and (b) a monolayer BHJ layer. 

 

In a PHJ bilayer, each component of the bilayer can be separately optimized 

avoiding the problem of controlling the blend morphology. Apart from the vacuum 

deposition, bilayer devices can also be fabricated by solution processing, which is a more 

appropriate choice for large-area and low-cost devices. Recent research on SMCs using 

PHJ layers highlights improved exciton dissociation and charge transport, thus resulting in 

high fill factor of 0.75.36-37 Typically, bilayer devices are limited by the small fraction of 

excitons that are able to reach the donor/acceptor interface and generate free charge 

carriers. Although the PCEs of bilayer devices have been improved, the separation 

efficiency of the excitons is still low due to the short exciton diffusion length and exciton 

lifetime in organic materials.38 As a result, these kinds of OPVs generally showed relatively 

low JSC values, which suppress the photovoltaic performance of OPVs with PHJ 
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architectures. In contrast, the blending of a donor material with an acceptor material 

creates a larger interfacial area between the two, along with bicontinuous D-A nanoscale 

networks for free charges to be transported to their respective electrodes after 

separation. Compared to bilayer devices, the mixed nature of BHJ devices drastically 

increases quantum efficiency and enhances charge separation in OPV devices by 

increasing the number of exciton generation sites within the exciton diffusion length (<20 

nm) of a D-A interface.39-40 Because of these benefits, many high performance organic 

solar cells have been successfully fabricated using BHJ layer in both PSCs and SMCs.15-17, 41 

 

1.7 Solar Cell Characterization 

PCE is the efficiency with which a solar cell generates electrical power from the 

AM1.5G solar spectrum. A current–voltage sweep under illumination is the standard 

method for measuring device PCE. Practically, the device is illuminated with a 

calibrated solar simulator and the current density generated by the device is 

measured as a function of the voltage applied to the device. The current density and 

voltage data are used to calculate the power density generated by the device at each 

voltage and the maximum power density is determined; this power density is then 

simply divided by 1000 W m-2, which is the total irradiance of the AM1.5G spectrum, 

to calculate the PCE. 

Figure 1.6 illustrates the typical JV curves of a solar cell with the parameters of 

short-circuit current density (JSC, or ISC), open-circuit voltage (VOC), and fill factor 

(FF).9, 42 The JSC is defined as the current density generated by the solar cell when the 
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applied bias is 0 V. The JSC is strongly correlated with device absorption and is affected 

by the semiconductor optical band gap and the active layer thickness. A high rate of 

recombination or very high series resistance can also decrease the JSC. The VOC is the 

applied voltage at which the net current generated by the solar cell is 0 A; at the VOC, 

every electron and hole generated by photon absorption eventually recombines 

because no net current is extracted from the device. The primary factors that affect 

the VOC are the device recombination rate, the incident light intensity, and the device 

shunt resistance. The voltage at which the device produces the maximum power 

density is between 0 V and the VOC (extremely close to the VOC in high performing 

devices). The device FF is defined by the quotient of max. power point (Pm) generated 

by the solar cell and the product of the JSC and the VOC. Solar cells that have low rates 

of recombination and do not suffer from series or shunt resistance problems should 

achieve high FF (≈0.8). In other words, the FF is a measure of how closely the shape of 

the current–voltage curve resembles a rectangle. 
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Figure 1.6 Typical JV curves measured in the dark and under solar illumination.  

 

Furthermore, quantum efficiency measurements are used to determine how 

well a solar cell converts incident photons to electrical current at each particular 

wavelength.43-45 These measurements are used because wavelength specific 

information is useful for diagnosing loss mechanisms. The external quantum efficiency 

(EQE) is defined as the percentage of generated currents by the incident photons of 

each specific wavelength. The EQE is the process involving the absorption, 

charge-carrier generation, and charge-carrier extraction processes. A related but 

more specific measurement is the internal quantum efficiency (IQE), which is defined 

as the efficiency with which a photon absorbed in the active layer generates current 

in the solar cell where the parasitic absorption and the layer reflection are isolated. 

Measurement of the device IQE is useful in determining whether losses in current are 
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due to decreases in absorption or increases in recombination.46 

 

1.8 Charge Recombination in OPVs 

Following the previous section 1.5, every incident photon shall ideally 

successfully be converted into the hole and electron, then being collected at the 

electrodes. In such a photovoltaic process, each step from absorbing to collection may 

more or less be wrought with losses that exacerbate the device performance of the 

solar cells. Being involved in the stages of exciton photogeneration, exciton transport, 

CT state, CS state, charge transport, and charge collection, these loss issues31, 34, 47-48 

can be categorized into the following species: 

a. Exciton Decay 

b. Geminate Recombination 

c. Non-geminate Recombination 

   i) Bimolecular Recombination 

   ii) Trap-assisted Recombination 

Here the introduction of each recombination process will be given as followed, 

together with corresponding figure in Fig. 1.7: 

Exciton Decay: When the photogenerated exciton (or a bound pair) forms in 

donor and/or acceptor phase, the exciton starts to recombine before reaching the 

D/A interface.47 
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Geminate Recombination: While the exciton is diffusing to or even arrive the 

D/A interface, a hole and electron within the exciton bounding proceed to recombine 

prior to separating to free charges. This recombination mechanism is named 

“Geminate” recombination, for this exciton comes from the same absorbed photon. 

Ideally, the exciton transport path shall be short enough that the bound pair can 

easily reach the D/A interface and then converted into free charges. The diffusion 

length for the bound pair transport are experimentally determined to be 3-30nm, 

which is typically correlated with the donor and acceptor domain sizes for OPVs.31, 

49-50 In addition, the exciton decay process is sometimes being regarded as one of 

geminate recombination.31 

Non-geminate Recombination: The non-geminate recombination encompasses 

the recombination of any free charge carriers that do not originate from absorption of 

a single photon. In addition to photogenerated charge carriers, non-geminate 

recombination may also involve injected charge carriers. In other words, 

non-geminate recombination is the loss mechanism that the free charges will 

encounter from charge separation to charge collection, a competition process 

between the collection of charge carriers at electrodes and non-geminate loss. These 

recombination losses can be mainly divided into two mechanisms: bimolecular 

recombination and trap-assisted recombination (or mono-molecular 

recombination).31, 51-52 

The bimolecular recombination involves one free electron and one free hole in 

a recombination event, which is a 2nd loss mechanism. In a disordered material of 
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OPVs53, bimolecular recombination is limited by the rate of how the electron (hole) 

meet the hole (electron). This means that if the charge carriers move faster, the 

quicker the opposite charges will find each other, and thus the bimolecular 

recombination rate would be proportional to the carrier mobilites. In many high 

performing organic solar cells, bimolecular recombination is the most significant loss 

mechanism among all, leading to reduced JSC, FF and PCE.34-35, 53-55 

Trap-assisted recombination in the OPVs is referred to be one electron (hole) 

that bumps into the morphologically-trapped opposite carrier, recombining in the 

trapping area (Fig. 1.7).31, 34, 56-57 In another word, a drifting electron (hole) 

recombines with a hole (electron) through the localized energetic trap. In this loss 

process, though it requires two opposite carriers for recombination, it is regarded as 

mono-molecular recombination loss (1st order recombination) because it involves one 

carrier to find a trapped one. The recombination rate here is determined by the 

number of trapping sites, and by how fast the free charge carrier find the 

electrically-opposite trapped one. In most cases on fullerene-based systems, traps are 

frequently reported from the donor materials or chemical impurities.58-62 

Other recombinations that are reported in fewer cases of the prior arts include 

Auger recombination and Surface recombination. The Auger recombination is also 

referred as tri-molecular recombination,63-64 a three-carrier-involved process that an 

electron in the LUMO level recombines with a hole in the HOMO level, where another 

electron receives the energy and then is excited to higher energetic level. The surface 

recombination occurred at the interface of the active layer and the interfacial 
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layer/electrode is originated from charge injection/extraction events of the contact 

and work function mismatches of the interlayers.65-69 

 

 

Figure 1.7 The photophysical process and loss mechanism occurred in the organic 

solar cells under illumination, with time scale provided for reference.31, 70 
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1.9 Device Optimization Protocols 

In all the OPV devices, none of them can be free from the loss mechanisms 

mentioned in early sections, and those losses are frequently reported to be resulted 

from device fabrication, thin-film formation, and interlayers, leading to poor film 

morphology and unfavorable device architecture, thus causing the PCE drops. In order 

to subdue these issues, several strategies to improve the device PCE are proposed: 

 

1.9.1 Rational Molecule Designs 

Exploring different molecule structures with rational designs can also be a 

practical method. Previous publications have shown that modifying side chains (i.e. 

alkyl group, alkoxyl group, ester group, etc…)23-24, 26, 28, 71 or substituent element (i.e. O, 

S, Se, etc…)72-76 of the molecular structure, while shifting/maintaining the optical 

absorption, are useful to change the molecular packing, solubility, mobilities and/or 

energy level, leading to improving the device PCE. 

 

1.9.2 Thin-Film Morphology Control 

The morphology of the active layer is preliminarily determined after the film is 

formed from the cast, which is also named “as-cast”. Except for a few cases77, most of 

the OPV systems in as-cast condition suffered from poor morphology that is not 

favorable for exciton diffusion, free charge formation, charge transport, and collection. 

In this situation, a pre-treatment or post-treatment plays an integral part in 
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controlling the active layer morphology. Here the common skills to improve the 

morphology are list and introduced below:  

 

Co-solvents: In the device fabrication stage, photo-absorbing materials (donor 

and acceptor) are dissolved in a host solvent for the cast step. Through controlling the 

casting parameters in the spin coater or other casting instruments, the film thickness 

can be manipulated, but the drying process of the solvent is not easy to control, 

resulting in undesirable molecular self-assembly. One of the solution to this issue is to 

employ a second host solvent with higher/lower boiling point to extend/shorten the 

drying time, allowing the solutes to self-assemble longer/shorter and thus forming a 

favorable morphology. The percentage of second host solvent in the whole co-solvent 

solution usually ranges from 10% to 50% in wt/wt or v/v. In the case of mixed solvents, 

poly(3-hexylthiophene) (P3HT) has a competitive film growth rate when spin-cast 

using solvents with two different vapor pressures and solubility, yielding an active 

layer with improved crystallinity and devices with enhanced performance. As a result, 

the device fabricated from mixed solvent as CF/CB showed a better PCE value of 3.7% 

in comparison with those fabricated from CF and CB mono solvents78. On the basis of 

polymer solar cell made from P3HT:ICBA system in inverted structure, Lin et al.79 

demonstrated that a mixture of DCB and CB may result in different phase separations 

owing to the differences in their boiling points, where the active-layer drying time was 

controlled with a higher ratio of DCB to CB (0.8/0.2 mL), leading to an increase in PCE 

from 2.6% to 4.3%. Earmme et al.80 also reported an all-polymer solar cells made from 
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a co-solvent way of CB:DCB at a ratio of 9:1, yielding a much smaller (20-40 nm) 

phase-separated domains on the surface compared to those deposited from 

chlorobenzene solvent (>100 nm domains).  

 

Additives: Another method for nano-morphology modification is to add the 

additives into the solution for the casting. The additives can be solvent additives or 

solid additives, and the amount of them in the whole solution usually is <10% (v/v), 

even lower than 1% in the small molecule-based systems.81-82 The solvent additives 

are sometimes regarded as the second solvent in the solution, or as co-solvents, such 

as 1-chloronaphthalene (CN)83, 1,8-diiodioctane (DIO)84, 1,8-octanedithiol (ODT)85, 

diphenyl ether (DPE)86-87, and so on88. In the fullerene-based systems, the solvent 

additives with high boiling point (from 200∘ to 400∘) keep the fullerene materials 

staying longer in the solution than the donors, which develops the phase-separation 

network that creates the percolating pathways in the blends for the charge carriers to 

transport. Meanwhile, the use of the solvent additives are also helpful to tailor the 

donor or fullerene domain sizes for efficient exciton transport.89 For another SM 

donor 

7,7′-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b′]dithiophene-2,6-diyl)bis(6-fluoro-4-(5′

-hexyl-[2,2′-bithiophene]-5-yl)benzo[c][1,2,5]thiadiazole), p-DTS(FBTTh2)2, interplayed 

with PC71BM, when increasing DIO from 0.0% to 0.4% (v/v), the average coherence 

lengths of both fullerene and p-DTS(FBTTh2)2 increase, as does the relative 

composition variation (phase purity). The increased structural order and phase 
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separation leads to a pronounced enhancement in the hole mobility and a modest 

increase in the electron mobility, which in turn leads to a sharp rise in FF and Jsc. 

When adding DIO to 1% in the same system, the phase purity drops significantly 

together and the domain grows to over-large size, resulting in poor PCE.84 As to solid 

additives, relatively fewer literatures are reported for the reason that these solid 

additives usually are shown to be insulating organic materials, which is only applicable 

to single or few systems. Zhou et al.90 reported a DR3TBDTT:PC71BM BHJ solar cells 

with PCE of 7.4%, and the addition of polydimethylsiloxane (PDMS) in a very small 

quantity of 0.2 mg/ml allows the device to generate more currents, leading to higher 

device efficiency of 8%. Another case by McDowell et al.91 demonstrated that 

polystyrene (PS) and DIO additives simultaneously promote donor crystallite 

formation on different time scales and through different mechanisms. PS-containing 

films retain chlorobenzene solvent, extending evaporation time and promoting phase 

separation earlier in the casting process. This prolonged time is insufficient to attain 

the morphology for optimal PCE results before the film sets, but the low vapor 

pressure of the DIO additive in the film further extends the time scale of film 

evolution and allows for crystalline rearrangement of the donor phase long after 

casting, ultimately leading to the favorable BHJ morphology and organization.  

 

Thermal Annealing: When the active layer is deposited on the substrate, the 

heating process is applied to the film in a certain time, offering the components to 

re-arrange or re-organize with the assist of the heat, in expectation to reach the aim 



45 

 

of altering the nanoscale BHJ structure. This step can be taken either before or after 

the electrode deposition. The thermal annealing effect to the P3HT:PCBM systems 

suggest that: (1) PCBM diffuses out of the polymer matrix to form a percolated 

network with improved electron transport92, (2) enhanced film packing parallel to the 

substrate,12 (3) the formation of nano-domains within the morphology of the 

nanocomposite, allowing for improved charge mobility and charge balance, and lower 

hopping activation energies93, (4) enhanced crystallinity in the two phases94, and (5) 

strong growth of PCBM domain with evident phase segregation95. While more 

systems reported other improved properties and reduced recombination losses96-100, 

the growth of domain sizes and pronounced phase separation are the common 

features during the morphology variation. 

 

Solvent Vapor Annealing: Parallel to the thermal annealing treatment, the SVA 

treatment is also an efficient approach to tune the active layer nanostructure. After 

the active layer is cast on the substrate, the solvent for SVA are also cast around the 

film in the close environment. The solvent with lower boiling point would start to 

evaporate and then saturate the environment, and the film would be penetrated by 

the solvent vapors, allowing the donor and acceptor materials to re-organize, leading 

to a crystalline growing phase. The common solvent utilized in the early publications 

can be dichloromethane (DCM)101, chloroform (CF)102, carbon disulfide (CS2)101, 

tetrahydrofuran (THF)26, methanol103, etc... While the solvent treatment shows 

limited improvement on polymer-based organic solar cells, it is frequently reported to 
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be very efficient protocol to SM-based systems. Sun et al.26 reported that using THF 

for SVA to BTR:PC71BM BHJ device facilitates the crystallinity and surface ordering of 

BTR. The interlayer distance is reduced to 17.75 Å, while the π-stacking distance 

decreases to 3.60 Å. The random orientation of p-stacking evolves into the 

co-existence of both edge-on and face-on arrangements after SVA, which is beneficial 

to 3D charge transport, pushing the PCE from 5% to > 10.5%,104 a nearly two-folded 

increase. The SM:PCBM system made from DRCN5T by Kan et al.24 indicate the SVA 

treatment adjust the nano-scale phases of DRCN5T with an ∼15 nm domain size and a 

bicontinuous interpenetrating network, which contributes to high exciton dissociation 

and charge transport, leading to a record PCE of 9.95%. 

 

1.9.3 Device Architecture Modification 

As shown in Fig. 2.3, the architecture of the common organic solar cell consists 

of two electrodes, two interfacial layers and the active layer. The Interfacial layers are 

employed in various locales within an OPV device, which play important roles in many 

aspects, including matching or alignment of energy levels (between the electrode and 

BHJ, for example), blocking electrons and/or holes to prevent recombination, 

adjusting of surface energetics and work function, and influencing the formation of 

gradients in the active layer.105-110 In this regard, selecting appropriate interfacial layer 

as the hole transport layer111-114 or electron transport layer110, 115 would benefit the 

overall device performance. 
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Furthermore, the single junction of the solar cell mostly relies on the 

light-capturing materials in the active layer to absorb incident light as much as possible, 

generating the electrical currents and enhance the PCE. However, the optimized thickness 

of the BHJ is limited in thinner film: 70 – 120nm116, unable to fully acquire the incident 

light. To overcome this, the multiple subcells connected in series with complementary 

absorbing photoactive layers stacked on top of the same transparent conductive 

substrate is proposed: For instance, the two-junctions-stacked architecture, also named 

tandem, is proposed in 2007 by Heeger group117 for organic solar cells made purely by 

solution processing approach, using two semiconductors with different band gaps to 

enable absorption over a broad range of photon energies within the solar emission 

spectrum, where a wide band-gap material for the first cell and a smaller band-gap one 

for the second cell is employed in this device. Because the electron-hole pairs generated 

by photons with energies greater than that of the energy gap rapidly relax to the 

respective band edges, the power conversion efficiency (PCE) of the two cells in series is 

inherently better than that of a single cell made from the smaller band-gap material.117 

Though the tandem structure is found to be more efficient than the single junction, 

several key factors shall be payed careful attention to: (1) The interconnected layer, or 

recombination layer, serves as charge recombination zone aligning the quasi-Fermi level 

of holes in one subcell to that of electrons in the other, in which charge carriers 

recombine consequently.118 (2) The recombination layer shall be transparent enough to 

minimize absorption loss within the layer.119-120 (3) The interconnected layer should be 

physically robust to protect the underlying layers from dissolving.121 
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1.10 Objectives and Organizations of this Dissertation 

The objectives and Organizations of this Dissertation aim at exploring the current 

obstacles to the SM solar cells PCE, and provide practical ways to overcome the 

challenges and thus improve the device PCE. In Chapter 2 and 3, we introduce the prior 

arts in the organic solar cell field and the characterization tools, and then we improve 

the BHJ morphology and device architectures to reach higher PCE in Chapter 4-8, and 

lastly the summary of our work and the proposed future work are followed. Each 

chapter of this dissertation is summarized as followed: 

In chapter 1, we conduct a complete literature review on how organic solar cells 

developed in the past years, and the efforts made by the researchers in the field to 

understand what important factors significantly influence the device performance of 

organic solar cells, as well as the loss mechanisms that seriously deteriorate the 

photocurrent and morphology of the devices. 

In Chapter 2, several key equipment and methodology utilized in this dissertation 

for organic solar cells are described and introduced. These important techniques play 

vital roles in device fabrications, performance evaluations, loss mechanism investigation, 

and molecular assembly properties, enabling us to search different protocols for PCE 

enhancement of the solar cells. 

In Chapter 3, we show that the strategies of adding a minor high boiling point 

solvent DIO as the additive together with changing the sequence of donor and acceptor 

units along the π-extended backbone of 
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benzo[1,2-b:4,5-b′]dithiophene–6,7-difluoroquinoxaline SM donors critically impacts (i) 

molecular packing, (ii) propensity to order and preferential aggregate orientations in 

thin-films, and (iii) charge transport in BHJ solar cells. In these systems (SMFQ1-3), we 

find that 6,7-difluoroquinoxaline ([2F]Q) motifs directly appended to the central 

benzo[1,2-b:4,5-b′]dithiophene (BDT) unit yield a lower-bandgap analogue (SMFQ1) 

with favorable molecular packing and aggregation patterns in thin films, and optimized 

BHJ solar cell efficiencies of ca. 6.6%. 1H-1H DQ-SQ NMR analyses indicate that SMFQ1 

and its counterpart with [2F]Q motifs substituted as end-group SMFQ3 possess distinct 

self-assembly patterns, correlating with the significant charge transport and BHJ device 

efficiency differences observed for the two analogous SM donors (avg. 6.3% vs. 2.0%, 

respectively). Moreover, molecular structures are further modified to extend the 

absorption edge to 650-700nm. The important optimization protocol use the solvent 

annealing method to rise the PCE from 2% to 8.2%, a three-fold increase, which 

outperform the PCE via the assist of the solvent additive (6%). In detail, the rational 

pendant-group substitution in benzo[1,2-b:4,5-b’]dithiophene–6,7-difluoroquinoxaline 

SMs is shown to be an effective approach to narrowing the optical gap (Eopt) of the SM 

donors (SM1 and SM2), without altering their propensity to order and form favorable 

thin-film BHJ morphologies with PC71BM. Systematic device examinations show that 

power conversion efficiencies (PCEs) >8% and open-circuit voltages (VOC) nearing 1V can 

be achieved with the narrow-gap SM donor analogue (SM2, Eopt= 1.6 eV), and that 

charge transport in optimized BHJ solar cells proceeds with minimal, nearly trap-free 

recombination. Detailed device simulations, light intensity dependence and transient 
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photocurrent analyses emphasize how carrier recombination impacts BHJ device 

performance upon optimization of active layer thickness and morphology. 

While PCBM has shown to be good acceptor for the SM donors to reach excellent 

PCE milestone of organic solar cells, the disadvantages of low optical extinction 

coefficient, high production cost and instability imply that an alternative acceptor is 

important to replace the current fullerene species. In Chapter 4, we examine the BHJ 

device performance pattern of a set of analogous, well-defined SM donors – DR3TBDTT 

(DR3), SMPV1, and BTR – used in conjunction with the nonfullerene SM acceptor 

IDTTBM. Our examinations show that the nonfullerene “All-SM” BHJ solar cells made 

with DR3 and IDTTBM can achieve power conversion efficiencies (PCEs) of up to ca. 4.5% 

(avg. 4.0%) when the solution-processing additive DIO is used in the blend solutions. The 

figures of merit of optimized DR3:IDTTBM solar cells contrast with those of “as-cast” 

BHJ devices from which only modest PCEs <1% can be achieved. 

Though the IDTTBM has a great property of complementary absorption with the 

aforementioned donors, the relatively low PCE imply that seeking a new SM acceptor is 

still important. In Chapter 5, we show that blends of the SM donor DR3 and the 

nonfullerene SM acceptor O-IDTBR are conducive to “All-SM” BHJ solar cells with high 

open-circuit voltages (VOC) >1.1 V and PCEs as high as 6.5% (avg. 6.1%) when the active 

layers are subjected to a post-processing SVA step with dimethyl disulfide (DMDS) –a 

low-partial-pressure solvent found to markedly impact the structural development of 

the BHJ network. Combining electron energy loss spectroscopy (EELS) analyses and 

systematic carrier recombination examinations, we show that SVA treatments with 
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DMDS play a determining role in improving charge transport and reducing non-geminate 

recombination for the DR3:O-IDTBR system. What’s more, our simulation also suggest 

that high PCE of 11% is reachable if the internal quantum efficiency (IQE) can be 

increased from 65% to 90%. 

The current stage we made efforts to is seeking the protocols for film morphology 

optimization in binary systems, and looking for better SM acceptors for the better 

match of our SM donors. A promising strategy of raising the PCE is to employ the third 

component into the current binary system, constructing a ternary organic solar cells 

with complementary absorption profile. In Chapter 6, we show that ternary BHJs 

composed of the SM donor DR3, the SM acceptor ICC6 and the fullerene acceptor 

PC71BM, can be used to achieve SM-based ternary BHJ solar cells with active layer 

thicknesses >200nm and PCEs nearing 11% (avg. 10.4%; max. 10.8%). Upon further 

examinations, we show that these remarkable figures are the result of (i) significantly 

improved electron mobility, (ii) higher carrier lifetimes, and (iii) reduced geminate 

recombination within the BHJ active layer to which PC71BM has been added as ternary 

component. More importantly, the optically thick (up to ca. 500 nm) devices are shown 

to maintain PCEs >8%, and optimized DR3:ICC6:PC71BM solar cells demonstrate 

long-term stability for >1000 hrs, in 55%-humidity air environment. 

Lastly in Chapter 7, we draw to a conclusion from which we investigated and 

explored in Chapter 3-6, and propose the possible future work based on those in 

Chapter 1-7. 
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CChhaapptteerr  22                                                                                                             

Experimental Techniques and Methodology 

In this chapter, the experimental methodology utilized in this dissertation will be 

presented. These techniques include steady-state measurements to characterize the 

microstructure and properties of the thin films, solar cell devices fabrication and spectral 

characterization to investigate the correlation between optical/electrical properties, 

processing conditions, thin film structure and morphology, and device performance. 

 

2.1 Deposition Approaches 

There are many ways of depositing the desired materials onto the surface of 

the loading substrates, in inclusion of vapor deposition and direct coating.122 The 

vapor deposition can be realized via chemical way, such as metalorganic vapor phase 

epitaxy, electrostatic spray assisted vapor deposition, and Sherardizing, or via physical 

method, like cathodic arc deposition, electron beam physical vapor deposition, ion 

plating, magnetron sputtering, thermally vacuum evaporation, and pulsed laser 

deposition. For direct coating techniques, spraying coating process, roll-to-roll coating 

process, dip coating process, and spin coating process are common skills for film 

deposition.  

In OPV device fabrication, the spin coating123-124 is the most frequently used 

approach among the aforementioned techniques. Spin coating enables the materials 

dissolved or dispersed in solution (or referred as “ink”) to be cast onto a surface 
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evenly across the surface of a substrate (a few nm to a few um) while it is rotating, 

forming a smooth thin film. The brief depiction of the spin coating mechanism is 

shown in Fig. 2.1 as followed: 

 

Figure 2.1 The simple depiction of how the materials in the solution become the solid 

thin film via spin coating.124  

There are four stages in the spin cast process124 displayed in Fig. 2.1: (a) A 

dispense step, where the material-containing fluid is deposited onto the substrate 

surface. Specifically, the way to dispense can be Static dispense or Dynamic dispense, 

which depends on the liquid viscosity. If the liquid can be easily spread on the 

substrate surface, the static way for dispensing would be enough; but when the liquid 

is shown to be very viscostatic, casting the liquid dynamically can be a better way in 

order to obtain a homogeneous and fully-covered film. (b) Substrate acceleration 

stage, where spiral vortices may exist in this stage, forming as a result of the twisting 
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motion by the inertia that the top of the fluid layer exerts while the substrate below 

becomes spinning faster and faster. Then, the fluid now is thin enough so as to be 

completely co-rotating with the substrate and thus differences of the fluid thickness 

are gone. Finally, the substrate spinning speed is synchronized with desired speed (i.e. 

the rpm can be from 800 to 8000), and the fluid is thin enough that the viscous shear 

drag exactly balances the rotational accelerations. (c) Fluid viscous forces domination 

stage, where the substrate spins at a constant rate and fluid viscous forces dominate 

fluid thinning behavior. (d) Solvent evaporation domination stage, where the coating 

seems to “gel” because when these solvents are removed the viscosity of the residual 

solution will likely rise effectively freezing the coating. 

Though the spin coating is not the ideal way for mass production or scalability 

in industrial end, the simplicity and relative ease with which a process can be set up, 

coupled with the thin and uniform coating are very important merits for researchers 

in the lab-testing stage, and even in pre-industrialized stage that bridges the lab and 

the industry. Moreover, because of the ability to easily attain high spin speeds, the 

high airflow leads to fast drying times, in turn resulting in excellent consistency at 

both macroscopic and nano-length scales. In the work of this dissertation from 

chapter 4 to chapter 8, all the device fabrication employs the spin coating technique 

for the film deposition. 

 

2.2 Steady State Characterization Technique 
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2.2.1 Spectral Characterization 

UV-Vis Absorption measurement: Thin-film UV-vis spectra were recorded on a 

Cary 5000 instrument in single beam mode in 1 cm quartz cuvettes. UV-vis 

absorbance spectra were calculated from the transmission spectra using the following 

equation [Aλ = −log10(T)], where Aλ is the absorbance at a certain wavelength (λ) and 

T is the transmitted radiation. 

 

Photoelectron Spectroscopy in Air (PESA) measurement: Photoelectron 

spectroscopy in air (PESA) measurements were recorded using a Riken Keiki PESA 

spectrometer (Model AC-2) with a power setting of 10 nW and a power number of 

0.33. Samples for PESA were prepared on glass substrates. If the test sample is a 

metal, the relationship between the photon energy and the square root of yield is a 

linear line. But if the test sample is a semiconductor, the cube root of yield gives a 

linear line. The crossing point of the back ground and the yield line is a photoemission 

threshold energy, also called the work function or the ionization potential. “In Air” 

means the work functions estimated from the photoelectron spectrum by using the 

AC-2 to test the surface in the air. “In UHV” means the work functions of the surfaces 

tested in the ultra-high vacuum. Some of them have big differences, because the 

surfaces of metals in the air are covered with oxide films. [More details in 

http://www.rkiinstruments.com/product/model-ac-2/] 
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Photoluminescence measurement: Samples for PL spectroscopy were 

spin-coated onto glass substrates using the conditions developed for the BHJ solar 

cells (spin speed, solvent vapor annealing, etc.). Spectra were measured using a 

spectrofluorometer FluoroMax-4, HORIBA. In particular, the PL excitation wavelength 

was set to specific value where max. absorption of the material is recorded via UV-Vis 

spectroscopy. The fluorescence spectrum was corrected for the optical density of the 

sample at the excitation wavelength, and for the detection sensitivity of the Ge detector. 

 

X-Ray Diffraction measurement: X-Ray diffraction (XRD) analyses were 

performed on a Bruker D8 Advance X-ray powder diffractometer using the Cu-Ka 

radiation (k = 1.54071 Å). The samples are coated onto the quartz substrates, and 

then tested and measured in ambient environment 

 

2.2.2 Thin-Film Morphology Analyses 

Transmission Electron Microscopy (TEM) measurement: Films were spun-cast 

on PEDOT:PSS-coated glass substrates. The organic films were floated off the 

substrates in deionized water and collected on lacey carbon coated TEM grids 

(Electron Microscopy Sciences). Middle range TEM images were recorded in bright 

field mode with a microscope operating at 120 keV (Tecnai Bio twin, FEI), using eagle 

CCD camera (FEI). 
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High Resolution TEM measurement with Electron Energy Loss Spectroscopy 

(EELS) : TEM studies in a combination with EELS were performed a Thermo Fischer 

(former FEI) Titan Titan 80-300 TEM equipped with an electron monochromator and a 

Gatan Imaging Filter (GIF) Quantum 966. The microscope was operated at 80 kV to 

minimize electron beam induced damages of polymers and to increase EELS signal/noise 

ratio. The EELS maps were acquired in Scanning TEM (STEM) mode as so-called 

spectrum imaging (SI). To resolve spectral features clearly the monochromator was 

exploited to obtain energy resolution of 150meV, reported in the prior arts.125-126 

Each material (component) used in this study in its neat form has a distinct 

signature or features of the EELS structure in the range from 1 to 8eV. In the range 

from 1 to 5eV, these features result from so called inter-band transitions and have the 

same physical origin (related to the zone structure) as those in the UV-vis absorption 

spectra. Those key differences allow for a reliable fitting (as a linear combination) of 

the signatures from the individual components into the EELS obtained from the 

component mix. Essentially, the maps constructed this way – from the fitting 

coefficients – represent the distribution of the components over the blended 

specimen. 

In addition, the low-dose mode is carried out with a microscope operating at 

300 keV (Tecnai G2 Spirit TWIN, CT), using an 4k x 4k eagle CCD camera (FEI). 

 

Atomic Force Microscopy (AFM) measurement: A Dimension Icon atomic force 
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microscope (AFM) from Bruker was used to image the active layers in tapping mode 

(heights and phase images are represented in later chapters). A high aspect ratio 

antimony-doped Si cantilever with a spring constant of 1 - 5 (N m-1) (SCM-PIT, Veeco) 

was used for the analyses. 

 

2.2.3 Solar Cell Device Fabrication and Performance Evaluation 

The solar cells were prepared on glass substrates with tin-doped indium oxide 

(ITO, 15 Ω sq−1) patterned on the surface (device area: 0.1 cm2). Substrates were first 

scrubbed with a dilute Extran 300 detergent solution to remove organic residues, and 

were then immersed in an ultrasonic bath of dilute Extran 300 for 15 min. Samples 

were rinsed in flowing deionized water for 5 min before being sonicated (Branson 

5510) for 15 min each in successive baths of acetone and isopropanol. Next, the 

samples were dried with pressurized nitrogen before being exposed to a UV−ozone 

plasma for 20 min. A thin layer (~35nm) of PEDOT:PSS (Clevios™ P VP AI 4083) was 

spin-coated onto the UV-treated samples, the samples were subsequently dried on a 

heating plate at 150 °C for 15 minutes, and were then transferred into a dry nitrogen 

glovebox (< 3 ppm O2). 

All solutions were prepared in the glovebox using donor and/or acceptor 

materials. Optimized devices were obtained by dissolving materials in selected 

solvents using various D/A ratio (wt/wt) Note: The as-prepared solutions were stirred 

for 3 hours at 50 °C before being cast on the (room temperature) substrates. The 
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active layers were spin-coated from the solutions at 50 °C at an optimized speed for 

time period of 45s, using a programmable spin-coater from Specialty Coating Systems 

(Model G3P-8), resulting in films of desired thickness.  The active layers may proceed 

with post-treatment for various periods of time. The effects of various solvents, 

solution concentrations, additive concentrations, blend ratios, thermal annealing, and 

solvent vapor annealing (SVA) treatments with various solvents on device 

performance were also examined. 

Then, an electron transport layer was coated atop. The samples were then 

dried at room temperature for 1 hour. Next, the samples were placed in a thermal 

evaporator for evaporation of a 120 nm-thick layer of aluminium (Al) or silver (Ag) 

evaporated at 5 Å s−1; pressure of less than 2x10-6 Torr. Following electrode 

deposition, samples underwent J−V testing. 

J-V measurements of solar cells were performed in the glovebox with a Keithley 

2400 source meter and an Oriel Sol3A Class AAA solar simulator calibrated to 1 sun, 

AM1.5 G, with a KG-5 silicon reference cell certified by Newport. The external 

quantum efficiency (EQE) measurements were performed at zero bias by illuminating 

the device with monochromatic light supplied from a Xenon arc lamp in combination 

with a dual-grating monochromator. The number of photons incident on the sample 

was calculated for each wavelength by using a silicon photodiode calibrated by NIST. 
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Internal Quantum Efficiency (IQE) measurement: The internal quantum 

efficiency (IQE) of the BHJ devices made with materials was calculated from below 

Equation:  

IQE = EQE / (1−R−ParAbs)           

The EQE spectra were collected from optimized BHJ devices with the following 

configuration:  Glass/ITO/PEDOT:PSS/BHJ/ETL/Al (details given in section 3.2.3). The 

reflectance (R) spectra were collected with a Cary-5000 UV-vis spectrometer 

equipped with an integrating sphere collecting the scattered light. The parasitic 

absorption (ParAbs) was obtained from transfer matrix modeling.46 

 

Light-Intensity Dependent measurement: The light-intensity dependence 

measurements were performed with PAIOS instrumentation (Fluxim) 

(characterizations in steady-state and transient modes). A function generator controls 

the light source- a white LED with 200 mW cm-2 of maximum light intensity (rise/fall 

time 100 ns). A second function generator controls the applied voltage. The current 

and the voltage of the solar cell are measured with a digitizer. The current is 

measured via the voltage drop over a 20 Ω resistor or a transimpedance amplifier, 

depending on the current amplitude. In accounting for spectral mismatch, 100% of 

the maximum irradiance of the white-light LED was used to reproduce the JSC values 

normally achieved under standard AM1.5G solar illumination (100 mW/cm2) and 

represent 1 sun equivalent. 
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2.2.4 Pump-Probe Spectroscopy measurement: 

Transient Photocurrent (TPC) measurement: Transient photocurrent (TPC) 

analyses measure the time-dependent extraction of photogenerated charge carriers. 

During the measurement, the device is set under short-circuit condition; a 200 µs light 

pulse is used allowing the current density to reach the steady-state condition. The 

devices are otherwise kept in the dark between pulses in order to avoid any influence 

of pulse frequency on the current responses. 

 

Transient Photovoltage (TPV) measurement: Transient photovoltage (TPV) 

analyses monitor the photovoltage decay upon a small optical perturbation during 

various constant light-intensity biases (using the same white LED as that for TPC 

measurements) and at open-circuit condition. Variable light-intensity biases lead to a 

range of VOC to be studied. A small optical perturbation (<3% of the VOC, so that ΔVOC 

≪ VOC) is applied. The subsequent voltage decay is then recorded to directly monitor 

non-geminate charge carrier recombination. The photovoltage decay kinetics of all 

devices follow a mono-exponential decay: 𝛿𝛿𝑉𝑉 = 𝐴𝐴 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑡𝑡/𝜏𝜏) where t is the time 

and τ is the charge carrier lifetime. 

 

Charge Extraction (CE) measurement: The “charge extraction” (CE) technique 

was used to measure the charge carrier density n under open-circuit voltage condition. 
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The device is illuminated and kept in open-circuit mode. After light turn-off, the 

voltage is switched to zero or taken to short-circuit condition to extract the charges. To 

obtain the number of extracted charges, the current is integrated. Using the charge 

carrier lifetime obtained from TPV and the charge carrier density obtained from CE, the 

charge carrier lifetimes and densities can be plotted. The carrier lifetimes follow a 

power law relationship with charge density: 𝜏𝜏 = 𝜏𝜏0𝑛𝑛−𝜆𝜆 . The non-geminate 

recombination constant krec were then inferred from the carrier lifetimes and densities 

according to 𝑘𝑘𝑟𝑟𝑟𝑟𝑠𝑠  =  1/(𝜆𝜆 + 1)𝑛𝑛𝜏𝜏127, where λ is the recombination order determined 

from the fitting. 

 

Time-Delayed Collection Field (TDCF) measurement: The home-built TDCF 

setup uses the second harmonic (532 nm) of an actively Q-switched sub-ns Nd:YVO4 

laser (INNOLAS  picolo AOT) operating at 5 kHz as excitation. To minimize the RC 

response time, a small device area of 1mm² is used. The samples were measured under 

dynamic vacuum conditions to avoid any degradation. A Keysight S1160A functional 

generator was used to provide the pre-bias and extraction bias, while a Keysight four 

channel digital oscilloscope was used to measure the current response of the device. 

Technical speaking, charge carrier loss may occur during free carrier generation, and 

TDCF measurements can be used to probe the efficiency for free-carrier formation and 

recombination in the active layers. In this measurement, charges are generated with a 

nanosecond laser pulse (excitation wavelength: 532nm) at various voltages (pre-bias, 

Vpre) in a working device. After a 10 ns delay time, a constant reverse-collection bias 
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(Vcol) of -4 V is applied to extract all laser-generated charges which did not undergo 

recombination or which had not been extracted during the given delay time. The pulse 

fluence was varied from 0.03 to 1.73 μ cm-2 in order to determine the regime where 

non-geminate recombination is negligible (i.e. the fluence linearly follows the collected 

charges; see Figure 2.2). The integration over the transient currents produced during 

the Vpre and Vcol yields the total charge (Qtot). 

 

 

Figure 2.2 Total charges (Qtot) vs. pulse fluence. The arrow in green suggest the Qtot 

starts to behave nonlinearly. The solid black line is used to guide the eyes, confirming 

the Qtot behaves linearly in low fluence. 
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2.2.5 Carrier Mobility Analyses 

Space Charge Limited Current (SCLC) measurement: The mobilities of the thin 

film blend systems were determined by fitting the dark current hole/electron-only 

diodes to the space-charge-limited current (SCLC) model.  

Hole-only diode configuration: Glass/ITO/MoO3/BHJ/MoO3/Ag; here, Vbi=0 V 

(flat band pattern formed by MoO3-MoO3). First, MoO3 (10 nm, 0.3 Å s-1) was thermally 

evaporated (~10-6 Torr) onto the ITO-coated glass. After deposition of the optimized 

active layer (different thicknesses obtained with different spin speed), MoO3 (7 nm, 0.3 

Å s-1) and Ag (100 nm, 5 Å s-1) were deposited via thermal evaporation in a vacuum 

chamber at a base pressure (~10-6 Torr) through a shadow mask defining an active area 

of 0.1 cm2. (Diode architecture shown in Fig. 2.3) 

Electron-only diode configuration: Glass/ITO/ZnO/BHJ/Ca/Al; here, Vbi=1.5V. 

The ZnO precursor solution was prepared according to established procedures,128 and 

was spin-cast at 3,000 rpm onto the ITO-coated glass substrates and baked at 170 °C for 

20 min in air. The active layers (different thicknesses obtained with different spin speed) 

were then deposited on top of the ZnO/ITO-coated substrates. Ca (5 nm, 5 Å s-1) and Al 

(100 nm, 5 Å s-1) was deposited as the top electrode. (Diode architecture shown in Fig. 

2.3) The electric-field dependent SCLC mobility was estimated using the equation below.  

 

𝐽𝐽(𝑉𝑉) = 9
8
𝜀𝜀0𝜀𝜀𝑟𝑟𝜇𝜇0exp �0.89𝛽𝛽�𝑉𝑉−𝑉𝑉𝑏𝑏𝑏𝑏

𝐿𝐿
� (𝑉𝑉−𝑉𝑉𝑏𝑏𝑏𝑏)2

𝐿𝐿3
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Definition Variable Units 
zero-field mobility μ0 cm2 V-1 s-1 
film thickness L cm 
dark current density J mA cm-2 
voltage V V 
vacuum permittivity ε0 (88.54 × 10-12) mA s V-1 cm-1 
dielectric constant εr (3)  
field activation factor β cm1/2 V-1/2 
 

 

 

Figure 2.3 The schematic illustration of hole-only (left) and electrode-only (right) 

diodes. 

 

Metal-Insulator-Semiconductor Charge Extraction by Linearly Increasing 

Voltage (MIS-CELIV) measurement: The hole and electron mobilities of BHJ were 

determined via the Metal Insulator Semiconductor-Charge Extraction by Linearly 

Increasing Voltage (MIS-CELIV) method by measuring the dark-current transients in the 
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following diode configurations: Glass/ITO/MgF2/BHJ/DPO/Al for electron-only diode, 

and Glass/MgF2/BHJ/MoO3/Ag for hole-only diode.  

The ITO substrates and BHJ active layers were prepared following methods 

described in the following chapters. MgF2 serving as an insulating layer was thermally 

evaporated; thickness: 80nm for both hole-only and electron-only devices. For the 

hole-only devices, a top MoO3 layer (7 nm) and a Ag cathode (100 nm) were thermally 

evaporated through a shadow mask defining an active area of 0.1 cm2. For electron-only 

devices, the ~10nm thin layer of DPO was spin-coated and then the Al anodes (100nm) 

were then thermally evaporated through a shadow mask defining an active area of 0.1 

cm2. 

MIS-CELIV measurements were carried out using the PAIOS system in a 

nitrogen-filled glovebox. The PAIOS system is able to generate the CELIV triangle pulse 

with adjustable voltage slope and offset. The triangle CELIV pulse extracts the injected 

charge carriers traveling across the whole semiconductor film thickness. The current 

transient starts from the displacement level which is defined by the product of total 

capacitance of the structure and slope of the voltage. At low offset voltage the current 

peaks at the transit time of the corresponding carrier type (electrons or holes). The 

current returns to the displacement current when the whole device becomes depleted. 

By applying larger offsets (moderate values) the current peaks at times longer than the 

transit time and current level. When applying a large offset, the current increases to 

the displacement current of the dielectric capacitor due to screening of the electric 

field in the semiconductor. In this case, the time t2j0 corresponds to the carrier transit 
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time as described in the literature.129 

 

The MIS-CELIV carrier mobility was estimated from Equation below.129-130 

𝜇𝜇 = 2𝑑𝑑𝑠𝑠2

𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡2
(1 + 𝜀𝜀𝑠𝑠𝑑𝑑𝑏𝑏

𝜀𝜀𝑏𝑏𝑑𝑑𝑠𝑠
)   

Definition Variable Units 
carrier mobility μ cm2 V-1 s-1 
voltage ramp A V s-1 
carrier transit time ttr s 
dielectric constant of the 
semiconductor 

εs (3)  

dielectric constant of the 
insulator 

εi (5.29)  

thickness of insulator layer di nm 
thickness of semiconductor 
layer 

ds nm 

 

 

2.2.6 Other Important Characterization Techniques: 

Film Thickness measurement: The thin film thickness is evaluated via the P-7 

stylus profiler from TENCOR, which is a surface measurement system with 150 mm 

scan length standard. It offers good measurement repeatability and reliable height 

measurement performance. Its sensor includes dynamic force control, excellent 

linearity, and high vertical resolution. In addition, this stylus profiler's surface 

measurement system includes point-and-click operation. While the lateral resolution is 

in μm ranges, the height resolution can be higher to reach nm scale. To acquire the 

thickness information from the film, a thin film is cast on the substrate and then a 
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certain area of the film is removed. The probe is operated through the computer to 

scan the film including the removed area. When the scan is done, the profile of the 

contour would be plotted together with the average thickness of the height. 

 

Grazing Incidence Wide Angle Wide Angle X-ray Scattering (GIWAXS or GIXS) 

measurement (In collaboration with Prof. Toney group, Stanford Synchrotron 

Radiation Lightsource): Silicon substrates were sonicated (Branson 5510) for 15 min 

each in successive baths of acetone and isopropanol. The substrates were then dried 

with pressurized nitrogen before being exposed to the UV−ozone plasma for 15 min. 

The bottom PEDOT:PSS layers and BHJ layers were prepared following methods 

described in Section 2.2.3. Device Fabrication. 

GIWAXS was performed at SSRL beamline 11-3 with a MARCCD detector at a 

sample-detector distance of 250 mm. An incident angle of 0.12° was used to maximize 

scattering intensity. For each sample, three 60-second exposures were averaged. Data 

was converted from raw detector images to qxy-qz and q-χ images using the software 

packages Nika131 and WAXStools132. Data was corrected by the beam intensity (Monitor) 

and sample length as measured with calipers. All qxy-qz images are shown using the 

same logarithmic color scale. Data was normalized with LaB6 and converted to qxy-qz 

and q-χ images using Nika and WAXtools packages for Igor, and analyzed using a 

customized script written in MATLAB. 
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Peak intensities were measured by recording a fitted peak area with a linear 

background subtracted for each 3° slice in χ, then extrapolating into the inaccessible χ 

regions with a spline fit, applying a geometric sin(χ) correction, and integrating. All data 

was normalized by the amount of corresponding material present in the film (e.g., DR3 

peak intensity multiplied by 1 in the 1:0:0 blend and multiplied by 3 in the 1:1:1 blend; 

see Chapter 8). For cases where none of the relevant material is present (gray cells), 

negligible raw intensities are shown to confirm accuracy of peak assignment. 

Orientation is measured after taking the sin(χ) correction by taking an 

intensity-weighted positional average, where 0° corresponds to in-plane orientation and 

90° corresponds to out-of-plane. Specifically the formula used is: 

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑒𝑒𝑛𝑛𝑡𝑡𝑂𝑂𝑡𝑡𝑂𝑂𝑉𝑉𝑛𝑛 =  
∑𝜒𝜒 ∙ 𝐼𝐼(𝜒𝜒)
∑𝐼𝐼(𝜒𝜒)

;     𝐼𝐼(𝜒𝜒) = 𝑒𝑒𝑒𝑒𝑂𝑂𝑘𝑘 𝑂𝑂𝑂𝑂𝑒𝑒𝑂𝑂 ∙  sin(90° − 𝜒𝜒) 

 

Alkyl peaks from measured materials can be resolved, while the π-π stacking 

peaks are overlapped and treated as one peak. A good correspondence between 

summed alkyl peak intensity and π-π stacking peak intensity shall be obtained, which 

gives us additional confidence that rDOC measured from the alkyl peak is accurate. 

For the alkyl peaks, we fitted data to 1 Gaussian representing the material 1, a 

Lorentzian and a Gaussian representing the material 2 peaks (with the Lorentzian at a 

lower Q position; peaks were summed for total intensity), a linear background, and a 

falling exponential background representing direct beam falloff which was only 
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included for out-of-plane angles (70-110°). For the π-π stacking peak, we fitted data to 

two Gaussians on a linear background, and summed the area of the peaks. Peak 

shapes, positions, and widths were restricted to reasonable values based on fit results 

for neat films and a visual inspection of the goodness of fit. Refraction causes a slight 

shift in peak position in the out-of-plane position relative to the in-plane position, and 

this was reflected in the peak position constraints where necessary. 

 

Ellipsometry measurement: The active layers optical constants n and k were 

collected via multi-sample analysis by variable angle spectroscopic ellipsometry (VASE) 

with an M-2000 ellipsometer (J.A. Woolam Co., Inc). The active layers were cast on 

clean silicon substrates with different thicknesses of SiO2 (25 nm, 51 nm, 70 nm and 

115 nm) according to the device casting conditions described earlier in Section 3.2.3. 

Device Fabrication. The VASE measurements were performed with incident angles 

being varied from 45 to 75° in steps of 10° relative to the samples. 

 

Dynamic Secondary Ionic Mass Spectroscopy measurement: The investigation 

of the elemental depth distribution was carried out using Secondary Ion Mass 

Spectrometry (SIMS) techniques. Depth profiling experiments were performed on a 

Dynamic SIMS instrument from Hiden analytical company (Warrington-UK) operated 

under ultra-high vacuum conditions, typically 10-9 torr. A continuous Ar+ beam was 

employed at 3 keV to sputter the surface while the selected emitted ions ascribed to C, 
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O, CN, S and Si were sequentially collected using a MAXIM spectrometer equipped with 

a quadrupole analyzer. The raster of the sputtered area is estimated to be 500 × 500 

µm2. In order to avoid the edge effect during the depth profiling experiments, it is 

necessary to acquire the data from a small area located in the middle of the eroded 

region. Using an adequate electronic gating, the acquisition area from which the depth 

profiling data were extracted was approximately 50 × 50 µm2. The conversion of the 

sputtering time to sputtering depth scale was carried out by way of measuring the 

depth of the crater generated at the end of the depth profiling experiment using a 

stylus profiler from Veeco. 

 

 

 

 

 

 

 

 

 

 



72 

 

CChhaapptteerr  33                                                                                                             

The Molecule Engineering and Device Optimization of SM Donors with 

PC71BM for Photovoltaic Application 

 

3.1 The Impact of Swapping the Position of Donor and Acceptor Unit Sequences on 

Material Performance in Benzo[1,2-b:4,5-b’]dithiophene–6,7- Difluoroquinoxaline 

Small Molecule Donors for Photovoltaics 

Small molecules are shown to be competitive to the polymer counterparts in 

terms of device efficiencies. In this section, the effects of swapping the donor and 

acceptor unit sequences on physical and PV properties of BDT-based small molecule 

donors have been systematically investigated. The detailed synthetic routes, molecule 

characterization and supporting information of these related donors can be found in 

the following published article: (The content of this chapter is based on the following 

article, and the permission of the article use is granted from Advanced Functional 

Materials, Wiley-VCH; see Appendix A) 

 

Wang, K. †; Liang, R.-Z. †; Wolf, J.; Saleem, Q.; Babics, M.; Wucher, P.; Abdelsamie, M.; 

Amassian, A.; Hansen, M. R.; Beaujuge, P. M., “Donor and Acceptor Unit Sequences 

Influence Material Performance in 

Benzo[1,2-b:4,5-b′]dithiophene-6,7-Difluoroquinoxaline Small Molecule Donors for BHJ 
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Solar Cells”, Adv. Funct. Mater. 2016, 26, 7103-7114 

 

3.1.1 Research Motivation 

Our previous research71 has successfully synthesized a set of SMs with wide optical 

energy gap over ca. 1.9 eV, and the best PCE achieved from these SM donors can reach 

ca. 6.5% with PC71BM. Using these SMs to construct solar cells, however, faces 

limitations in terms of interfacial engineering since the pyrido[3,4-b]pyrazine (PP) 

acceptor motif in the SM donor is found to be protonated with the widely used hole 

transport layer, PEDOT:PSS, which leads to a diminished PCE.82 The need to develop 

materials with versatile utility that will not limit fabrication options has encouraged us to 

design SM donors possessing desirable optical and electronic properties without the 

incorporation of sites sensitive to protonation. In this contribution, we report on the BHJ 

solar cell characteristics of a set of three 

benzo[1,2-b:4,5-b′]dithiophene–6,7-difluoroquinoxaline SM donors with 

alkyl-substituted thiophene end-groups and distinct donor and acceptor unit sequences 

(SMFQ1-3, Chart 3.1). In SMFQ1-3, the ring-substituted donor motif 

benzo[1,2-b:4,5-b′]dithiophene (BDT(T)) is used as the central unit and the pattern of 

side-chain substituents is fixed; the PP acceptor motifs are replaced with 

6,7-difluoroquinoxaline ([2F]Q) and then directly appended to BDT(T) (SMFQ1), or 

swapped with either one (SMFQ2) or two (SMFQ3) thiophene units and, as a result, are 

incrementally distanced from the BDT(T) central unit. The [2F]Q motifs replace their 

fluorine- and nitrogen-substituted benzo[c][1,2,5]thiadiazole counterparts, commonly 
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used in prior SM studies101, 133 but lacking synthetic modularity and anchoring points for 

the substitution of solubilizing side chains.76 Here, the use of dialkyl-substituted [2F]Q 

motifs allows sufficient solubility across the set of SM donors to be maintained while 

other side-chain substituents are kept consistent with prior studies.75, 134 Importantly, we 

note that [2F]Q motifs remain practically unexplored in SM designs for BHJ solar cells, 

while these acceptor units have been shown to be promising in the design of 

narrow-bandgap polymer donors.135-136  

 

Chart 3.1. Benzo[1,2-b:4,5-b′]dithiophene–6,7-difluoroquinoxaline SM Donors with 

Distinct Donor and Acceptor Unit Sequences, SMFQ1-3. 

 

3.1.2 Results and Discussion 
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Figure 3.1 shows the superimposed solution (CHCl3) and thin-film UV-vis 

absorption spectra of SMFQ1. Comparing the absorption spectra in the solution and in 

the neat films for each SM system, the presence of distinct spectral features with 

different relative peak intensities in the thin-film spectra suggests that SMFQ1-3 are 

likely to aggregate. On the other hand, the absence of any such features in the solution 

spectra indicates that the SM donors can be well dispersed at the concentration of this 

experiment (1x10-5 M). Table 3.1 provides a summary of the long-wavelength 

absorption maxima and the estimated absorption coefficients at the same wavelengths 

for SMFQ1-3 in solution and films. 
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Figure 3.1 Superimposed solution and thin-film UV-vis absorption spectra (normalized) 

for (a) SMFQ1, (b) SMFQ2, and (c) SMFQ3; solution spectra collected at concentrations 

of 1 x 10-5 M in CHCl3. (d) Temperature-dependent thin-film UV-vis absorption spectrum 

for SMFQ1 subjected to increasing temperatures within the range 25-180 °C. 

Table 3.1 Summary of Optical and Electronic Parameters for SMFQ1-3. 

SM λabs/sol 

(nm) (log ε) 

λabs/film 

(nm) (log ε) 

Eopt
a 

(eV) 

IPb 

(eV) 

EAc 

(eV) 

SMFQ1 507 (4.84) 616 (4.63) 1.85 5.13 3.28 

SMFQ2 502 (4.80) 572 (4.55) 1.98 5.07 3.09 

SMFQ3 491 (4.73) 565 (4.47) 2.01 5.02 3.01 

a)Optical bandgaps estimated from the onset of the UV-vis absorption spectra (films); b)Estimated by 

photoelectron spectroscopy (PESA); c)Inferred from PESA-estimated IPs and Eopt values. 

 

Thin-film BHJ solar cells were fabricated with the direct structure 

ITO/PEDOT:PSS/SM:PC71BM/Ca/Al (device area: 0.1 cm2) before being tested under 

simulated AM1.5G sun illumination (100 mW/cm2). Table 3.2 summarizes the figures of 

merit of optimized BHJ devices made from blends of SMFQ1-3 and PC71BM with and 

without the processing additive 1,8-diiodooctane (DIO). We note that small-molecule 

additives, for instance DIO and 1-chloronaphthalene (CN), have been shown to improve 

the blend morphologies of BHJ solar cells made with SM donors and PCBM acceptors81, 
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137-138 and, in turn, device PCEs. It is equally important to note, however, that 

morphological variations induced by additives can also result in reduced performance 

figures and that the outcomes of these tentative optimization steps remain SM 

system-dependent. As shown in Table 3.2, upon adding 0.2% DIO (v/v) in the blend 

solution, the device fill-factor (FF) increases dramatically from 54.2% to 70% (ca. 25% 

increase). This suggests that favorable morphological effects occur in the BHJ active layer. 

The same device achieves a higher JSC of 10.3 mA/cm2, a slightly reduced VOC of 0.88V 

(likely the result of morphological changes at the contact interfaces), and an overall PCE 

of up to 6.6% (avg. 6.3%). These FF and PCE values represent some of the best figures 

achieved with SM donors designed using a “DADAD” sequence (cf. earlier discussion on 

“DADAD” vs. “ADDDA” designs in the Introduction). The most striking evidence that the 

D/A unit sequence in BDT(T)–[2F]Q SM donors critically impacts material performance 

and, in turn, BHJ device efficiency can be contemplated in the figures of merit of 

optimized BHJ solar cells made with SMFQ3 ([2F]Q motifs translated to the chain ends 

(see Chart 3.1) independent of the use of DIO. Table 3.2 shows that as-cast devices 

made with SMFQ3 achieve critically lower PCEs (avg. 2.0%) than those made with its 

counterparts SMFQ1 (avg. 5.1%) and SMFQ2 (avg. 5.6%); moreover, using 0.2% DIO (v/v) 

in the blend solution further reduces the FF (by ca. 10%) and JSC values (from 4.4 to 3.4 

mA/cm2). The corresponding drop in BHJ device PCE to 1.5% (avg.) represents a 4.5x 

reduction compared to optimized SMFQ1-based BHJ solar cells made with 0.2% DIO 

(v/v), confirming the determining role of D/A unit sequences. 
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Table 3.2 PV Performance of the BDT(T)–[2F]Q SM Donors SMFQ1-3 in Direct BHJ 

Devices with PC71BM.a 

SM 
DIO % 

(v/v) 

JSC 

[mA/cm2] 

VOC 

[V] 

FF 

[%] 

Avg.PCEd 

[%] 

Max.PCE 

[%] 

SMFQ1b 

0 9.9 0.94 54 5.1 5.3 

0.2f 10.3 0.88 70 6.3 6.6 

SMFQ2 c 

0f 8.8 0.92 69 5.6 5.8 

0.2 7.4 0.92 70 4.7 5.0 

SMFQ3 d 

0f 4.4 0.84 56 2.0 2.2 

0.2 3.4 0.86 50 1.5 1.5 

a)Additional device statistics are provided in the SI of published paper; b)Devices with an optimized 

SM:PC71BM ratio of 1:1 (wt/wt) solution-cast from chlorobenzene (CB); c)Devices with an optimized 

SM:PC71BM ratio of 2:3 (wt/wt) solution-cast from CB;d)Devices with an optimized SM:PC71BM ratio of 3:2 

(wt/wt) solution-cast from CB; e)Average values across >20 devices (device area: 0.1 cm2); f)Optimized 

device conditions. 
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Figure 3.2 (a) Characteristic J-V curves of optimized BHJ solar cells fabricated from 

SMFQ1-3 (processing conditions detailed in Table 4.2); AM1.5G solar illumination (100 

mW/cm2); (b) EQE spectra of the devices fabricated from SMFQ1-3 under optimized 

conditions. Integrated EQEs are in agreement (± 0.7 mA/cm2) with the Jsc values 

reported in Table 3.2. 

 

Thus, SMFQ1-based devices show EQE values higher than those obtained 

with SMFQ3 by >20% across the range 350-600 nm (peaking at ca. 70% and reflecting an 

EQE increase of ca. 70%), while the EQE responses of SMFQ3-based devices remain 

under 45% across the same range. This is in agreement with the modest JSC values of 3.4 

mA/cm2 measured from the J-V plots (Figure 3.2a). Integrated EQEs are in agreement (± 

0.7 mA/cm2) with the Jsc values discussed above and reported in Table 3.2. The BHJ 

morphologies of as-cast devices made with SMFQ1-3, as well as those obtained from 

films cast with blend solutions containing 0.2% DIO (v/v), have been examined utilizing 
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bright-field electron transmission microscopy. Interestingly, comparing the BHJ 

morphologies obtained with SMFQ1-3, no clear difference in phase separation patterns 

can be observed at the scale of our TEM analyses and, while significant differences in 

phase separation patterns are known to affect BHJ solar cell efficiency,139-140 here all 

active layer morphologies appear to develop on a relatively fine scale (as required for 

efficient exciton diffusion/separation at the SM-PC71BM domain interfaces). 

It is worth noting, however, that these vital morphological effects can correlate 

with distinct charge transport patterns in BHJ thin films.141 To investigate carrier effects, 

we measured the hole mobilities of SMFQ1-3 in optimized BHJ thin films (as per the 

conditions defined in Table 3.2) using values inferred from the space charge limited 

current (SCLC) mode. Our analyses in Figure 3.3 indicate that the zero-field hole 

mobilities of SMFQ1-based BHJs are approximately one order of magnitude larger than 

those of SMFQ3-based BHJs: 3.6 x 10-4 cm2 V-1 s-1 vs. 5.6 x 10-5 cm2 V-1 s-1, respectively. 

Interestingly, the zero-field electron mobilities of SMFQ1-based BHJs was found to be 

approximately one order of magnitude lower than those of SMFQ3-based BHJs: 3.2 x 

10-4 cm2 V-1 s-1 vs. 3.0 x 10-3 cm2 V-1 s-1, respectively. In turn, we note that the imbalance 

between hole and electron mobilities in the SMFQ3-based BHJ thin films is likely to be 

the cause of the significant charge build-up in the optimized BHJ solar cells, limiting the 

FF and JSC. 
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Figure 3.3 Experimental dark current density-voltage characteristics for (a) hole-only 

diodes (ITO/PEDOT/SM:PC71BM/MoO3/Ag); here, Vbi = 0 (flat band pattern formed by 

PEDOT-MoO3); and (b) electron-only diodes (ITO/a-ZnO/ SM:PC71BM/Ca/Al) made with 

optimized BHJ thin films (Vbi = 0.4 V), with SMFQ1-3 as SM donors. The experimental 

data is fitted using the single-carrier SCLC model (solid lines). 

Figure 3.4 GIXS patterns of (a) SMFQ1, (b) SMFQ2, and (c) SMFQ3 in neat films (cast 
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from CB), and GIXS patterns of optimized BHJ thin films of (d) SMFQ1, (e) SMFQ2, and 

(f) SMFQ3 (processing conditions detailed in Table 3.2). The scattering intensity is 

plotted on a logarithmic scale and normalized in each GIXS pattern. The scattering rings 

at q values of ~1.45 Å−1 pertain to the disordered PC71BM clusters. 

Nanostructural order and thin-film texture can play an important role in carrier 

transport and direct correlations are commonly drawn between charge transport and 

BHJ solar cell performance.71, 142 To examine these thin-film ordering effects, grazing 

incidence X-ray scattering (GIXS) analyses were performed on neat films of SMFQ1-3 and 

their optimized BHJ active layers with PC71BM. Although the propensity of SMFQ1 to 

crystallize in thin films is evident (Figure 3.4a), neat films of SMFQ2 (Figure 3.4b) 

and SMFQ3 (Figure 3.4c) do not show nearly the same degrees of order and long-range 

molecular alignment. Moving onto the GIXS patterns for optimized BHJ active layers 

with SMFQ1-3 and PC71BM (as shown in Figures 3.4d-f), it is particularly interesting to 

note that the presence of PC71BM mitigates the propensity of SMFQ1 to crystallize and 

develop predominantly “edge-on”-oriented aggregates. As depicted in Figure 3.4d, the 

presence of pronounced scattering intensity along the qxy axis (~0.4 Å−1) and the 

observation of a π-stacking arc centered in the qz direction (~1.7 Å−1; out-of-plane) – 

with concomitant reduction of scattering intensity in the qxy direction (~1.7 Å−1; 

in-plane) – indicates that “face-on”-oriented crystallites form at the expense of 

their “edge-on”-oriented counterparts in SMFQ1-based BHJ thin films. In contrast, 

Figure 3.4f indicates that aggregates remain predominantly “edge-on” relative to the 

substrate in SMFQ3-based BHJ thin films. It is also worth noting that the lamellar rings 
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in SMFQ2- and SMFQ3-based BHJ thin films are observed on notably distinct (qz/qxy) 

axes coordinates (~0.3 Å−1) compared to those of their SMFQ1-based BHJ counterpart 

(~0.4 Å−1), which confirms that different local packing modes may prevail in molecular 

stacks formed via SMFQ1 and SMFQ3 (these factors are discussed further in the 

following section). In previous investigations, it has been suggested that predominantly 

“face-on” polymer and SM orientations can promote charge transport and BHJ solar cell 

efficiency.4, 143-145 

Using the solid-state NMR analyses, these differences in molecular packing 

patterns between SMFQ3 and SMFQ1 are schematically illustrated in Figure 3.5. The 

staggering pattern in SMFQ1 can be expected to affect the orbital overlap between 

BDT(T) donor units and [2F]Q acceptor motifs across molecular stacks, which may result 

in more favorable transfer integrals that have been shown to correlate with better 

inter-molecular charge transport patterns (although it should be noted that a detailed 

examination of these parameters via computational methods is beyond the scope of this 

report).27, 90, 146-147 Overall, our GIXS and 1H-1H DQ-SQ NMR analyses indicate that 

SMFQ1 and SMFQ3 adopt distinct self-assembly patterns, indicating that swapping 

donor and acceptor units on the SM donor main-chain has an influence on molecular 

packing and nanostructural order in thin films. The distinct self-assembly patterns and 

packing effects in SMFQ1 and SMFQ3 can be expected to contribute to the BHJ thin-film 

texture and charge transport differences discussed earlier. 
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Figure 3.5 Schematic representation of the variations in molecular packing inferred from 

the 1H-1H DQ-SQ NMR spectra of SMFQ3 and SMFQ1: subset (a) shows the general 

structure of the SM donors; subset (b) depicts the propensity for co-facial packing in 

backbone-correlated molecular stacks of SMFQ3; and subset (c) emphasizes the 

prevalence of staggered molecular arrangements in SMFQ1-based thin films. 

 

3.1.3 Conclusion 

In summary, we have demonstrated that 

benzo[1,2-b:4,5-b′]dithiophene–6,7-difluoroquinoxaline SM donors (SMFQ1-3) with 

distinct donor and acceptor unit sequences on the main chain achieve different charge 

transport and efficiency patterns in BHJ solar cells with PC71BM. Our combined GIXS and 

SS-NMR analyses (via 1H-1H DQ-SQ spectroscopy) indicate that distancing the [2F]Q 
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acceptor motifs from the central BDT(T) donor unit has a significant influence on local 

molecular packing, propensity to order and preferential aggregate orientations in 

thin-films. In general, the lower-bandgap BDT(T)-[2F]Q analogue SMFQ1 shows the most 

favorable self-assembling characteristics, achieving optimized BHJ solar cell efficiencies 

of up to ca. 6.6% (representing some of the best PCEs reported to date for SM donors 

designed using a “DADAD” sequence). In contrast, its counterpart SMFQ3 with [2F]Q 

motifs substituted as end-groups achieves only modest BHJ device efficiencies of ca. 

2.0% (avg.). Our results highlight the underlying effects of changing the donor and 

acceptor unit sequences in π-extended SM donors for BHJ solar cells, as well as the 

critical importance of identifying the most favorable structural arrangements in the 

rational development of high-efficiency SM donors. 

 

3.2 Benzo[1,2-b:4,5-b’]dithiophene–6,7-Difluoroquinoxaline Small Molecule Donors 

with Solar Cells PCE of > 8% 

In this section, replacing alkyl groups with the acrylate functions on 

electron-deficient quinoxaline motifs of BDT-based SM donors has been investigated in 

a systematic manner. The detailed synthetic routes, molecule characterization and 

supporting information relating to these donors can be found in the following 

published article: (The content of this chapter is based on the following article, and the 

permission of the article use is granted from Advanced Energy Materials, Wiley-VCH; 

see Appendix B) 
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Liang, R.-Z.†, Wang, K. †, Babics, M., Wucher, P., Thehaiban, K. A. M., and Beaujuge, P. 

M., “Benzo[1,2-b:4,5-b’]dithiophene–6,7-Difluoroquinoxaline Small Molecule Donors 

with >8% BHJ Solar Cell Efficiency”, Adv. Energy Mater. 2017, 7, 1602804 

 

3.2.1 Research Motivation 

As mentioned above, the position of the 2[F]Q acceptor motif on BDT-based SM 

donors has shown distinct impacts on self-assembly property, molecule packing and thus 

PV efficiencies. At this stage, further modification of the 2[F]Q acceptor motif is made in 

order to improve device PCE without sacrificing optical and electron properties. In this 

contribution, we report on the rational pendant-group substitution and concurrent 

bandgap reduction in benzo[1,2-b:4,5-b’]dithiophene–6,7-difluoroquinoxaline SM 

donors, raising BHJ solar cell efficiencies from ca. 6% to >8% with PC71BM, and we also 

provide a detailed understanding of the role the selective substitutions play in terms of 

material and BHJ device performance improvements. In the design of symmetrical SM 

donors alternating donor and acceptor motifs (“DADAD”) setting their optical gap, two 

avenues have prevailed thus far: (i) swapping the donor [acceptor] units for more 

electron-rich [-deficient] motifs – albeit with distinctly different molecular structure23, 82 

– and (ii) increasing [reducing] their conjugation length by replicating [removing] DA 

motifs23 or, more commonly, by varying the number of rings involved in the main 

chain.28, 148 In both cases, the synthetic modifications generally impact SM self-assembly 
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in thin films, solution-processing and device optimization procedures,149-150 often 

resulting in large variations of BHJ device efficiencies.151 In parallel, increased 

electron-rich character and greater conjugation lengths effectively reduce the ionization 

potential (IP) in SM donors, which suppress the device VOC in BHJ solar cells.81, 152  

 

3.2.2 Results and Discussion 

The two benzo[1,2-b:4,5-b’]dithiophene–6,7-difluoroquinoxaline SM donors shown in 

Chart 3.2, namely SM1 and SM2, are analogous in their heterocyclic unit composition, 

but the substituents appended to the electron-deficient 6,7-difluoroquinoxaline ([2F]Q) 

motifs are different. 

 

Chart 3.2 Benzo[1,2-b:4,5-b′]dithiophene–6,7-difluoroquinoxaline SM Donors with Alkyl 

Substituents (SM1) Swapped for Acrylate Functions (SM2). 

The solution and thin-film UV-vis spectra shown in Figure 3.6 indicate that 

swapping alkyls (SM1) for acrylate substituents (SM2) in [2F]Q red-shifts the spectral 
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absorption by up to ca. 120 nm, corresponding to a notable reduction in the optical gap 

of 0.3 eV. As a result of the incorporation of [2F]QdC units, the optical gap of ca. 1.9 eV 

for SM1 drops to 1.6 eV for SM2. This bandgap value is within the optimum range 

predicted in the optimization of polymer-fullerene BHJ device efficiencies 

(single-cells).153 For IP values of SM1-2, experimental estimates were determined via 

photoelectron spectroscopy in air (PESA): 5.20 eV for SM2 and 5.11 eV for SM1. Inferred 

from PESA-estimated IPs and Eopt values, first-level estimations yield EAs of 3.27 eV for 

SM1 and 3.48 eV for SM2.  

 

 

 

 

Figure 3.6 Superimposed solution and thin-film UV-vis absorption spectra (normalized) 
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for SM1 and SM2; solution concentrations: 10-5 M in CHCl3. 

Table 3.3 PV Performance of the SM Donors SM1 and SM2 in Direct BHJ Devices with 

PC71BM.a 

SM 
DIO % 

(v/v) 

SVA 

Time 

(s) 

JSC 

[mA/cm2] 

VOC 

[V] 

FF 

[%] 

Avg. 

PCEc 

[%] 

Max. 

PCE 

[%] 

SM1b 
0  7.8 0.99 41 3.2 3.3 

0.4d  9.8 0.92 69 6.2 6.4 

 
20 7.3 0.93 60 4 4.1 

SM2b 
0  6.9 0.98 33 2.2 2.5 

0.4  10.1 0.95 49 4.9 5.2 

 
20d 12.4 0.94 66 7.7 8.2 

 

aAdditional device statistics are provided in the SI of published paper; bDevices with optimized SM:PC71BM 

ratio of 1:1 (wt/wt) solution-cast from chlorobenzene (CB); cAverage values across >10 devices (device 

area: 0.1 cm2). dOptimized device conditions. 
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Figure 3.7 (a) Characteristic J-V curves of optimized BHJ solar cells fabricated from SM1 

and SM2 (processing conditions detailed in Table 3.3); (b) EQE and IQE spectra of the 

devices fabricated from SM1 and SM2 under optimized conditions. Integrated EQEs are 

in agreement (± 0.3 mA/cm2) with the Jsc values reported in Table 3.3. 

 

Solution-processed thin-film BHJ solar cells with SM1 and SM2 were fabricated with the 

conventional device structure ITO/PEDOT:PSS/SM:PC71BM/Ca/Al (device area: 0.1 cm2) 

and tested under simulated AM1.5G illumination (100 mW/cm2). Table 3.3 summarizes 

the figures of merit relating to optimized BHJ devices made from blends of the SM 

donors and PC71BM. As shown in Table 5.1, although as-cast devices made from SM1 

and SM2 yield particularly high open-circuit voltage (VOC) values of nearly 1 V, the 

short-circuit current (JSC) and fill-factor (FF) values remain <8 mA/cm2 and <45%, 

respectively, limiting the power conversion efficiency (PCE) to ca. 3.5%. In some cases, 

solution-processing additives such as 1,8-diiodooctane (DIO) and 

1-choloronaphthalene81, 137 can help promote structural order in BHJ active layers and 

set more favorable length scales of phase separation between donor and acceptor 
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counterparts when required. Here, Table 3.3 indicates that adding 0.4% DIO (v/v) to the 

blend solution results in concurrent increases in device FF and JSC values of to up to 69% 

and 9.8 mA/cm2 for SM1-based devices, and 49% and 10.1 mA/cm2 for BHJ devices 

made with SM2. SM-fullerene BHJ morphologies are also prone to evolution when the 

active layers are subjected to solvent vapor annealing (SVA) protocols.101, 152, 154 After 

examining various adequate solvents and SVA conditions, we found that SM2-based 

active layers exposed to chloroform vapors for ca. 20 s are capable of yielding PCEs of up 

to 8.2% (avg. 7.7%), combining considerably improved FF and JSC values of 66% and 12.4 

mA/cm2 compared to those of as-cast devices (twofold increase). These results highlight 

the determining role of molecular structure dependencies in the optimization of BHJ 

devices with SM donors (here the alkyls of [2F]Q (SM1) are swapped for acrylate 

substituents (SM2)).152 The PCE values of ca. 8% achieved with SM2 represent some of 

the best efficiency values obtained with SM donors alternating donor and acceptor 

motifs in their primary chains (“DADAD”-type sequences). 

With higher JSC values (>12 mA/cm2) achievable from optimized BHJ solar cells made 

with SM2 (cf. conditions defined in Table 3.3), a comparison of external quantum 

efficiency (EQE) spectra for optimized SM1- and SM2-based device confirms the trend 

observed from the J-V curves in Figure 3.7a. In addition, Figure 3.7b demonstrates that 

the EQE pattern of SM2-based active layers extends to longer wavelengths (ca. 730 nm 

vs. ca. 650 nm with SM1) and parallels the red-shift in thin-film absorption discussed 

earlier for SM2 (Figure 3.6a). While both SM1- and SM2-based BHJ solar cells exhibit 

EQE values >50% in the range 380-600 nm, the non-negligible spectral extension to >700 
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nm for optimized devices made with SM2 results in a difference of ca. 2.6 mA/cm2 in 

EQE-integrated photocurrents, with average IQE values >85% across the range 350-600 

nm for SM1 and 350-700nm for SM2. These indicate that most absorbed photons are 

conducive to free carrier generation and effective collection at the electrodes. In Figures 

3.8, bright-field transmission electron microscopy (TEM) examinations of optimized BHJs 

with SM1 and SM2 show intermixed blend morphologies (Inappropriate SVA treating 

time would result in large donor domain.) without coarse phase-separated phases; these 

are consistent with other donor-acceptor blend morphologies obtained from efficient 

BHJ devices in previous studies.101, 155-156  

 

Figure 3.8 TEM images for SM-based BHJ films made from (a) SM1, (b) SM2 (SVA 20s), (c) 

SM2 (SVA 30s) and (d) SM2 (SVA 60s). Scale bar: 200nm. 

Examining BHJ device parameters (FF, JSC and PCE) and carrier recombination 

effects over thicker active layers can also help identify limiting factors in further BHJ 
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solar cell efficiency improvements.139 Using the spectral absorption input parameters 

obtained from transfer matrix modeling, our device simulations for SM2 shown in Figure 

3.9a-b provide the predicted variations in BHJ solar performance with active layer 

thickness. The drift-diffusion model used for these simulations accounts for charge 

carrier recombination effects;157-159 this improves FF predictions from simulated J-V 

curves compared to earlier models employing further simplifying assumptions.160 The 

recombination rate constant k, inferred as 1 x 10-12 cm3 s-1, was determined by fitting 

iterations between the experimental and simulated J-V curves with 95-nm-thick active 

layers (for which the best experimental PCE is achieved with SM2). The model sets the 

recombination rate R as R = knp, where n and p represent the electron and hole 

densities. Further, the optical generation efficiency was taken as 0.9 on the basis of our 

experimental IQE measurements. Figure 3.9 compares the experimental JSC (square), the 

simulated JSC (triangle; k = 1 x 10-12 cm3 s-1) and the JSC modeled in the absence of 

recombination effects (circular; R = 0). While experimental and simulated data show 

good agreement for active layer thicknesses ranging from ca. 50-200 nm, the 

experimental JSC departs from the model for thicker devices. According to Figure 3.9b, 

the substantial JSC losses predicted for 200-350 nm-thick devices reflect a gradual 

reduction in device FF for active layers that are thicker than 100 nm. These concomitant 

losses in JSC and FF values for optically thick devices point to carrier recombination 

and/or extraction limitations that do not otherwise prevail in the thinner, optimized BHJ 

devices with SM2.  
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Figure 3.9c emphasizes the dependence of charge collection probability – 

defined as the ratio between the photocurrent density at short-circuit (JSC) and the 

saturated photocurrent density Jph.sat. at higher reversed biases (here taken at -2V) – on 

light intensity for the various BHJ active layers with SM2. The data points provided for 95 

nm- and 206 nm-thick devices confirm the negligible dependencies on light intensity as 

all carriers are effectively swept out prior to recombining. The near-ideal, carrier 

density-independent behavior of optimized BHJ solar cells with SM2 is also evident from 

the complete J-V vs. light intensity characteristics overlaid in Figure 3.9d. For as-cast and 

300nm-thick devices, however, the current ratios at 1 sun drop to 0.53 and 0.7 

respectively, revealing the charge carriers cannot be completely swept out. To evaluate 

whether carrier recombination is limiting device efficiency to a different extent in 

as-cast, optimized (95 nm; cf. optimized conditions as defined in Table 3.3) and thicker 

(206, 300 nm) BHJ active layers with SM2, the variations of JSC have been examined as a 

function of incident light intensity. The associated results are provided in Figure 3.9e. 

Prior reports have established that the extent of bimolecular recombination losses in 

BHJ solar cells can be inferred from the slope of the JSC vs. light intensity dependence 

curves described by 𝐽𝐽𝑠𝑠𝑠𝑠 ∝ 𝐼𝐼𝛼𝛼.161 Here, α taking the value 1 (or close to unity) indicates 

negligible bimolecular recombination losses (i.e. most carriers are extracted prior to 

recombining),34 whereas smaller α values indicate a competition between bimolecular 

recombination and carrier extraction whereby recombination yields effectively limit the 

device photocurrent. For as-cast SM2-based BHJ active layers (no SVA treatment), a 

power law fit to the JSC vs. light intensity data yields an α value of 0.78, indicative of 
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substantial bimolecular recombination losses. In contrast, for optimized SM2-based BHJ 

thin films, the JSC vs. light intensity data fit yields an α value of 0.98, indicating that 

carrier extraction proceeds with significantly reduced recombination losses compared to 

non-optimized active layers. Although the data fits presented in Figure 3.9e suggest that 

thicker active layers (206 nm; α = 0.95) may not suffer from drastically greater 

recombination losses (at short-circuit), there is also evidence carriers in significantly 

thicker devices (300 nm; α = 0.76, comparable to that of as-cast devices) will eventually 

be subject to prohibitive recombination losses, directly impacting BHJ device FFs and JSC 

values. 

In parallel, Figure 3.9f indicates the variations of VOC vs. light intensity points in 

the existence of carrier traps across the active layers, with deviations from the linear 

relationship 𝛿𝛿VOC = kT/q (trap-free condition) reflecting trap-assisted recombination.34, 

162-163 Further insights into carrier transport and, in particular, whether carrier traps 

affect the transport in BHJ active layers can be inferred from transient photocurrent 

(TPC) measurements.164-165 In the past, TPC experiments have been used to investigate 

the trapping and detrapping rates in polymer-fullerene,166-168 “all-polymer”,169-170 and 

hybrid BHJ solar cells.165 Figure 3.10 examines the turn-on and turn-off dynamics of 

as-cast, optimized (95 nm) and thicker (206, 300 nm) BHJ active layers with SM2 using 

long light pulse excitations (200 µs), allowing the current density to reach steady-state 

conditions comparable to those used for the light intensity dependence analysis 

previously discussed (Figure 5.4). In Figure 3.10a, the rise time for the as-cast device 

drops from 31 µs to 2.6 µs when light intensity increases from 10% (0.12 sun) to 1 sun at 
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90% of the maximum current value, with a fast initial rise/fall component followed by a 

second, slower component. With increasing light intensity (cf. black arrows emphasizing 

the evolution of the dynamics due to increasing light intensity in Figure 3.10a-d), the 

rapid rise of the current evolves into a transient peak and then decays, levelling off to 

the steady-state current (equivalent to JSC) at a significantly slower rate. A comparable 

transient behavior is observed for the 300 nm-thick device in Figure 3.10d. In these 

instances, the slower dynamic component becomes less prominent as light intensity 

increases, indicating the existence of carrier traps filled at higher light intensities. Several 

prior studies169-170 have convincingly described dynamics comparable to those shown in 

Figures 3.10a and 3.10d using time-dependent drift-diffusion models whereby the 

sequential two-component photocurrent dynamics was reproduced by the inclusion of 

trap states. Based on these prior analyses, the fast component reflects rapid and 

efficient transport of free charges, while the slower component arises from 

trapping/detrapping processes occurring over longer time periods. The two distinct 

rates and timescales associated with effective and delayed carrier transport correlate 

with the fast and slow components observed during rise/fall events, and the 

characteristic transient photocurrent peak observed for higher light intensities can be 

attributed to trap-mediated space-charge effects.170 In contrast, Figures 3.10b and 3.10c 

depict efficient turn-on and -off dynamics for optimized and 206 nm-thick devices, with 

fast rise times to the steady-state current of less than 10 µs over the full range of light 

intensity (0.12-1.24 sun) and no evident photocurrent tail in turn-off phases; in 

agreement with the observation in Figures 3.9c-e, this indicates that all carriers are 
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quickly swept out. Importantly, in optimized and 206 nm-thick devices, the absence of 

transient photocurrent peaks is consistent with a transport regime practically free of 

trap-induced space-charge effects. Nevertheless, Figure 3.10e shows that the influence 

of light intensity on the J-V characteristics and FF of SM2-based 206 nm-thick BHJ 

devices remain non-negligible, in agreement with the trends in FF and PCE variations for 

increasingly thick solar cells emphasized earlier in Figure 3.10b. It also stresses the 

trade-off between maximizing JSC and retaining FF required to achieve the best PCE 

values. Figure 3.10f, which depicts the variations of FF with light intensity for the several 

active layer thicknesses examined throughout this study, underscores the light 

intensity-dependence on the FF of 206 nm-thick BHJ devices not otherwise evident 

under short-circuit and open-circuit conditions. 
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Figure 3.9 (a) Superimposed curves of experimentally determined device JSC (squares), 

transfer-matrix simulated JSC (assumptions: IQE= 90%, k= 1x10-12 cm3 s-1; triangles), and 

simulated JSC (R= 0; circles) vs. active layer thickness for SM2–based BHJ devices; (b) 

Variation of experimentally determined device VOC (triangles), FF (squares) and PCE 
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(circles) vs. active layer thickness for SM2–based BHJ devices; (c) Charge collection 

probability (JSC/Jph,sat) vs. light intensity; (d) J-V curves of an optimized (95 nm-thick) 

SM2–based BHJ device illuminated under various light intensities; (e) JSC vs. light 

intensity plots for SM2–based BHJ devices with various active layer thicknesses, and J-V 

curves of an optimized (95 nm-thick) SM2–based BHJ device illuminated under various 

light intensities; and (f) VOC vs. light intensity plot for SM2–based BHJ devices with 

various active layer thicknesses. The solid lines in (c) correspond to fits with the data 

according to 𝐽𝐽𝑠𝑠𝑠𝑠 ∝ 𝐼𝐼𝛼𝛼. Analyses were performed with a white LED with a maximum 

irradiance of 200 mW/cm2. In accounting for spectral mismatch, 70% of the maximum 

irradiance of the white-light LED was used to reproduce the JSC values normally achieved 

under standard AM1.5G solar illumination (100 mW/cm2). 
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Figure 3.10 Transient JSC (normalized) in response to a 200 µs white light (LED) pulse for 

SM2-based BHJ solar cells made from (a) as-cast (90-100 nm) and (b-d) optimized 

conditions for various film thicknesses (95 nm, 206 nm and 300 nm); the legend in (a) 

provides the various light intensities (in equivalent sun). The black arrows emphasize the 
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dependence of JSC as a function of time (after pulse excitation) and light intensities. (e) 

J-V curves of the 206 nm-thick SM2–based BHJ device illuminated under various light 

intensities. (f) FF vs. light intensity plot for the SM2–based BHJ devices with various 

active layer thicknesses. 

 

3.2.3 Conclusions 

In summary, we showed that rational pendant-group substitutions in 

benzo[1,2-b:4,5-b’]dithiophene–6,7-difluoroquinoxaline SMs are an effective approach 

to narrowing the optical gap of the SM donors, without necessarily altering their 

propensity to order and form favorable thin-film BHJ morphologies with PCBM. Here, 

swapping the electron-deficient [2F]Q units used in SM1 for acrylate-functionalized 

[2F]QdC motifs in SM2 induces a spectral shift of ca. 120 nm, corresponding to a 

notable reduction in optical gap of 0.3 eV. Our systematic examinations of SM1 and 

SM2 in BHJ solar cells with PC71BM show that (i) PCEs >8% can be achieved with the 

narrow-gap SM donor analogue SM2 (compared to ca. 6% with SM1), (ii) with average 

IQE values >85% across the range 350-600 nm, and that (iii) charge transport in 

SVA-optimized SM2-based BHJ solar cells proceeds with minimal, nearly trap-free 

recombination. Importantly, the high VOC of ca. 1V is maintained in SM2-based BHJ 

solar cells, despite the significant SM gap reduction of 0.3 eV. Our detailed device 

simulations, light intensity dependence and transient photocurrent analyses emphasize 

how carrier recombination impacts BHJ device performance upon optimization of 
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active layer thickness and morphology via post-processing SVA treatment. 
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CChhaapptteerr  44                                                                                                             

Role of the Solvent Additive to the Active Layer Morphology in 

“All-Small-Molecule” BHJ Solar Cells with Nonfullerene Accetpor IDTTBM 

Showing promising complementary absorption and well-defined properties, 

nonfullerene-based all small molecule BHJ solar cells hold the potential to outperform 

the current fullerene-based small molecule solar cells. In this chapter, we focus on the 

nonfullerene acceptor, IDTTBM, with a set of small molecule donors, performing 

systematic studies on the morphology control via the assist of the solvent additives in 

order to provide a clear understanding of how the SM donor and acceptor mix during 

the thin film formation. The detailed synthetic routes, molecule characterization and 

supporting information of these related information can be found in the following 

published article: (The content of this chapter is based on the following article, and the 

permission of the article use is granted from Advanced Functional Materials, 

Wiley-VCH; see Appendix A) 

 

Liang, R.-Z.; Babics, M.; Seitkhan, A.; Wang, K.; Geraghty, P. B.; Lopatin, S.; Cruciani, F.; 

Firdaus, Y.; Caporuscio, M.; Jones, D. J.; Beaujuge, P. M.; “Additive-Morphology 

Interplay & Loss Channels in “All-Small-Molecule” BHJ Solar Cells with the 

Nonfullerene Acceptor IDTTBM”, Adv. Funct. Mater. 2017, 1705464. 
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4.1 Research Motivation 

Solution-processable, π-extended small molecules (SM) are promising 

alternatives to their evaporated SM counterparts and to polymers171-172 in 

bulk-heterojunction (BHJ) solar cells. The demonstrations that (i) SM donors can rival 

polymers in fullerene-based BHJ device configurations,23-24, 26, 71, 149 while (ii) SM 

acceptors can effectively replace and outperform fullerenes (e.g. phenyl-C61-butyric acid 

methyl ester, PC61BM; or its C71 analogue, PC71BM) in BHJ solar cells,173-175 are however 

fairly recent.96, 174, 176 For either material combinations, achieving a favorable 

donor-acceptor morphology in BHJ thin films is the efficiency-determining step.31, 71, 81, 

177 Often times, the use of solution-processing additives81, 137, 149 and post-processing 

treatments, including thermal82 and solvent-vapor annealing processes,101, 152, 178 can 

help reach more adequate BHJ networks – usually by mediating the lengthscale of 

phase-separation between donor and acceptor.31, 42, 179 

The perspective of achieving efficient BHJ solar cells by combining 

solution-processable SM donors and acceptors (nonfullerenes) is even more recent,96, 174, 

176, 180-181 as earlier attempts have commonly met with limited success.96, 174, 176 In 

general, the high degree of crystallinity (or lack thereof, in some instances) inherent to 

the SM systems being concurrently cast as a single precursor solution governs the 

development of the BHJ thin-film morphology, leading to oversized (crystalline) domains 

with limited connectivity42 and insufficient donor-acceptor mixing,42, 179 or on the 

contrary, to excess (amorphous) donor-acceptor mixing and hindered carrier 



105 

 

 

 

 

extraction.179, 182 In this context, the use of external solution-processing additives and/or 

post-processing treatments may help leverage more favorable BHJ morphologies and, in 

turn, improved solar cell power conversion efficiencies (PCEs). Compared to polymers, 

-extended SM systems – donors and nonfullerene acceptors – have well-defined 

structures, while being synthetically scalable following cost-effective methods and 

processes.179 Thus, nonfullerene “All-SM” BHJ solar cells that can rival polymer and/or 

fullerene-based device strategies are expected to become increasingly relevant. 

In this contribution, we examine the BHJ solar cell performance pattern of a set 

of analogous SM donors – DR3TBDTT (DR3), SMPV1, and BTR (Chart 6.1) – used in 

conjunction with the SM acceptor IDTTBM (Chart 4.1). The SM donors have the same 

-conjugated main chain composition, but differ by the pattern of solubilizing 

side-chains appended to the heterocyclic motifs. In polymer-fullerene BHJ solar cells, 

the polymer side-chain pattern plays a determining role, impacting backbone 

self-assembly, aggregation and mediating intermolecular interactions between the 

polymer donor and the fullerene acceptor.183-185 Thus, turning to the examination of 

SM donors with nonfullerene SM acceptors, the systematic study of how side-chain 

substituents may influence the propensity of the SM blends to form favorable 

donor-acceptor morphologies and yield efficient “All-SM” BHJ solar cells may provide 

some general guiding principles for the selection of the SM donor with respect to the 

nonfullerene acceptors that are currently proving particularly promising (such as 

ITIC,186 IDTTBM175 and others187). It should also be noted that all of the three SM 

donors examined in this study: DR3,90 SMPV1,29 and BTR,26, 102 can yield PCEs >6% in 
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SM-fullerene BHJ solar cells, and are therefore sensible candidates in this systematic 

study with the nonfullerene acceptor IDTTBM (PCEs >8% with the model polymer 

donor PCE10). Of all donor-acceptor combinations, we find that All-SM solar cells made 

with DR3 and IDTTBM can achieve PCEs as high as ca. 4.5% (avg. 4.0%) when the 

solution-processing additive 1,8-diiodooctane (DIO, 0.8% v/v) is used in the blend 

solutions. In comparison, “as-cast” BHJ devices yield only modest PCEs <1%, pointing 

to the determining role of the processing additive DIO. Combining electron energy loss 

spectrum (EELS) analyses in scanning transmission electron microscopy (STEM) mode, 

carrier transport measurements via “metal-insulator-semiconductor carrier extraction” 

(MIS-CELIV) methods, and systematic recombination examinations by 

light-dependence and transient photocurrent (TPC) analyses, we detail the influence of 

the processing additive DIO on the development of the phase-separated 

donor-acceptor network, comparing “as-cast” and “optimized” All-SM active layers. 

We find that both carrier transport and bimolecular recombination patterns improve 

notably in optimized BHJ active layers compared to “as-cast” films, and show that DR3- 

and SMPV1-based All-SM devices benefit from a greater balance in hole/electron  
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Chart 4.1 Molecular Structures of the Set of Analogous SM Donors (a) DR3, (b) SMPV1, 

and (c) BTR, and that of the Nonfullerene Acceptor (d) IDTTBM. 

mobilities and higher carrier collection efficiencies compared to their BTR 
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counterparts. 

 

 

Figure 4.1 (a) Normalized thin-film UV-vis absorbance spectra, and (b) PESA-estimated 

ionization potentials (IP) and electron affinity (EA) for DR3, SMPV1, BTR, and IDTTBM. 

EA values inferred by subtracting IP and Eopt values (optical bandgaps estimated from 

the onset of the UV-vis absorption spectra (films)). 

 

4.2 Results and Discussions 

The normalized thin-film UV-vis absorption spectra of the SM donors DR3, 

SMPV1, BTR and the nonfullerene acceptor IDTTBM are overlaid in Figure 4.1a. Based 

on those analyses, all three SM donors have comparable absorption patterns shifting 

to longer wavelengths (by ca. 100 nm) on going from solutions to films. The spectral 

features of the main absorption band and the significant bathochromic shift 

observable in the neat films suggest that the SM donors are prone to aggregate; the 
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visible reduction in peak intensity at higher temperatures in the UV-vis spectra is 

another indication that some extent of aggregation occurs, even at the low 

concentration used for this experiment (1x10-5 M). The extended thin-film absorption 

of the SM donors across the range 500-700 nm make them especially relevant as 

complementary absorbers with the nonfullerene SM acceptor IDTTBM which has its 

main band of absorption in the range 600-800 nm). Figures 4.1b provides the expected 

energy band offsets for the SM donors with IDTTBM; the optical bandgaps (Eopt) are 

inferred from the onset of the thin-film UV-vis absorption spectra: ca. 1.71 eV for DR3, 

ca. 1.70 eV for SMPV1, ca. 1.76 eV for BTR, and ca. 1.53 eV for IDTTBM; the ionization 

potentials (IPs) for the SMs were determined via photoelectron spectroscopy in air 

(PESA): 5.11 eV for DR3, 5.10 eV for SMPV1, 5.16 eV for BTR, and 5.56 eV for IDTTBM. 

These figures are summarized in Table 4.1, along with extrapolated electron affinity 

(EA) values inferred by subtracting IP and Eopt values.  

Thin-film BHJ solar cells were fabricated with the inverted structure 

ITO/a-ZnO/SM:IDTTBM/MoO3/Ag (device area: 0.1 cm2), and tested under simulated 

AM1.5G sun illumination (100 mW/cm2). Table 4.2 summarizes the figures of merit of 

optimized BHJ devices made from blends of the SM donors DR3, SMPV1, BTR and the 

nonfullerene acceptor IDTTBM, with and without addition of the processing additive 

1,8-diiodooctane (DIO) in the blend solutions. Solution-processing additives, including 

DIO and 1-chloronaphthalene (CN), have proven useful in the systematic optimizations 

of blend morphologies in BHJ solar cells made from SM donors and fullerene acceptors 

and, in turn, device PCEs.81, 137  However, it is equally critical to note that 
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morphological changes promoted by processing additives can also result in reduced 

device performance figures, and that the outcome of these tentative optimization steps 

remain SM system-dependent. As shown in Table 4.2, “as-cast” devices made from DR3 

and SMPV1 yield concurrently low short-circuit current (JSC), fill factor (FF) and 

open-circuit voltage (VOC) values of 3-3.5 mA/cm2, <30% and 0.75-0.8 V, respectively. 

However, upon adding 0.8% DIO (v/v) in the blend solution, the device JSC and FF 

increase dramatically from 3-3.5 mA/cm2 to 9-9.5 mA/cm2 (more than a twofold 

increase), and from <30% to >45%, suggesting that significant, favorable morphological 

effects are occurring in the BHJ active layer. Interestingly, a notable increase in VOC to 

ca. 0.9 V is concurrently observed – which is likely the result of morphological changes 

at the contact interfaces – yielding significantly improved PCEs of up to 4.4% (avg. 4%). 

The VOC of ca. 0.9 V is in agreement with the difference between PESA-estimated IP 

of DR3 and SMPV1 (ca. 5.1 eV), and EA value of IDTTBM (ca. 4.0 eV) inferred from 

PESA-estimated IP and Eopt values. Overall, these experimental results also indicate that 

the end-group substitution with longer alkyls on going from DR3 to SMPV1 does not 

noticeably impact SM and BHJ device performance. In contrast, Table 4.2 shows that 

both “as-cast” and optimized BHJ solar cells made from BTR exhibit markedly lower JSC 

values of 1.8 mA/cm2 and 5.9 mA/cm2, respectively. As a result, the PCEs of BTR-based 

devices are limited to 0.4% in “as-cast” devices and to 2.4% for optimized BHJ solar 

cells (cf. detailed conditions in Table 4.2). For all three SM donor systems, it is worth 

noting that, excessive volumes of DIO used in the solution blends (ranging from 1.25% 

to 10%) lead to inadequate film morphologies (discussed in later sections), causing 
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device PCEs to drop to ca. 0%. 

 

Table 4.1 Summary of Optical and Electronic Parameters for the SM donors DR3, SMPV1, 

and BTR, and for the Nonfullerene Acceptor IDTTBM. 

SM 
λabs/sol 

(nm) (log ε) 

λabs/film 

(nm) 

Eopt
a 

(eV) 

IPb 

(eV) 

EAc 

(eV) 

DR3 508 (4.89) 588 1.71 5.11 3.4 

SMPV1 508 (4.95) 594 1.7 5.1 3.4 

BTR 519 (4.92) 572 1.76 5.16 3.4 

IDTTBM 663 (4.92) 716 1.53 5.56 4.03 

aOptical bandgaps estimated from the onset of the UV-vis absorption spectra (films); 

bEstimated by photoelectron spectroscopy (PESA); cInferred from PESA-estimated IPs 

and Eopt values. 

 

The higher JSC values achieved with DR3- and SMPV1-based BHJ devices 

compared to those obtained with BTR (Fig. 4.2a) are consistent with the external 

quantum efficiency (EQE) spectra provided in Figure 4.2b. Thus, DR3/SMPV1-based 

devices show EQE values higher than those obtained with BTR by >10% across the 

range 400-750 nm (peaking at ca. 46% for DR3 and ca. 43% for SMPV1; reflecting an 

EQE increase of more than ca. 50% relative to the BTR-based devices), while the EQE 
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response of BTR-based devices remain under 25% across the same range, in agreement 

with the modest JSC values of 5.9 mA/cm2 measured from the J-V plots (Fig. 4.2a). 

Integrated EQEs are in agreement (± 0.7 mA/cm2) with the JSC values discussed above 

and reported in Table 4.2. The dependence on the effective optical absorption of the 

active layer is removed in comparing the internal quantum efficiency (IQE) spectra of 

the optimized All-SM devices. Considering the film thickness measurements performed 

on optimized BHJ active layers (thicknesses: 110-120 nm for DR3, 105-115 nm for BTR), 

our JSC predictions via transfer matrix modeling are consistent with the trend in 

experimental JSC vs. active layer thickness. Overall, the IQE spectra parallel the EQE, 

with IQE values >40% across the range 400-750 nm for DR3/SMPV1-based BHJ devices, 

<30% across the same range for BTR-based solar cells. These finding suggest that all 

three SM donor and IDTTBM-based All-SM solar cells are hindered by substantial 

recombination and/or exciton quenching events, limiting the photocurrents; although, 

these effects may not be as pronounced in DR3/SMPV1-based devices. 
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Table 4.2 PV Performance of the SM Donors DR3, SMPV1, and BTR in Inverted BHJ 

Devices with the Nonfullerene SM Acceptor IDTTBM.a 

SM 
DIO 

%(v/v) 

JSC 

[mA/cm2] 

VOC 

[V] 

FF 

[%] 

Avg. 

PCEd 

[%] 

Max. PCE 

[%] 

DR3b 
0 3.4 0.75 28 0.6 0.8 

0.8e 9.3 0.9 48 4 4.4 

SMPV1b 
0 3.2 0.78 27 0.6 0.7 

0.8 e 9.4 0.91 48 4.1 4.4 

BTR 

0c 1.8 0.76 32 0.4 0.4 

0.5c,e 5.9 0.88 44 2.3 2.4 

0.8b 4.5 0.93 40 1.7 1.7 

aAdditional device statistics are provided in the SI of the published paper. bDevices with 

optimized SM:IDTTBM ratio of 7:3 (wt/wt) solution-cast from chloroform (CF). cDevices 

with optimized SM:IDTTBM ratio of 6:4 (wt/wt) solution-cast from CF. dAverage values 

across >20 devices (device area: 0.1 cm2). eOptimized device conditions. 
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Figure 4.2 (a) Characteristic J-V curves of optimized “All-SM” BHJ solar cells fabricated 

from the SM donors DR3, SMPV1, and BTR, and the nonfullerene SM acceptor IDTTBM 

(processing conditions detailed in Table 4.2); AM1.5G solar illumination (100 mW/cm2). 

(b) EQE and (c) IQE spectra of the optimized devices. Integrated EQEs are in agreement 

(± 0.7 mA/cm2) with the Jsc values reported in Table 4.2. 
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Figure 4.3 Morphology analyses of “All-SM” active layers made from (a-e) DR3, (f-j) 

SMPV1 and (k-o) BTR, in blends with the nonfullerene SM acceptor IDTTBM. (a, f, k) 

Dark-field STEM images of the BHJ active layers “as-cast”. (b, g, l) EELS maps of the BHJ 

active layers “as-cast”; SM donor-rich regions: red, SM acceptor-rich regions: green. (c, 

h, m) Dark-field STEM images of the “optimized” BHJ active layers. (d, i, n) EELS maps of 

the “optimized” BHJ active layers; SM donor-rich regions: red, SM acceptor-rich 

regions: green. (e, j, o) Low-dose HR-TEM images of the “optimized” BHJ active layers, 

emphasizing the observation of crystallites across the films. Scale bars: (a-n) 500 nm; (e, 

j, o) 20 nm. 
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Figure 4.4 EELS mapping of DR3-based BHJ thin-films. (a) Dark-field STEM image of BHJ 

blend cast from CF, 2.5% DIO; (b) map of DR3:IDTTBM blend cast from CF, 2.5% DIO; 

(c) DR3 map of BHJ blend cast from CF, 2.5% DIO; (d) IDTTBM map of BHJ blend cast 

from CF, 2.5% DIO; (e) dark-field STEM image of BHJ blend cast from CF, 10% DIO; (f) 

map of DR3:IDTTBM blend cast from CF, 10% DIO; (g) DR3 map of BHJ blend cast from 

CF, 10% DIO; (h) IDTTBM map of BHJ blend cast from CF, 10% DIO. Scale bars: 500nm. 

 

 



117 

 

 

 

 

 

Figure 4.5 EELS mapping of BTR-based BHJ thin-films. (a) Dark-field STEM image of BHJ 

blend cast from CF, 0.8% DIO; (b) map of BTR:IDTTBM blend cast from CF, 0.8% DIO; (c) 

BTR EELS map of BHJ blend cast from CF, 0.8% DIO; (d) IDTTBM map of BHJ blend cast 

from CF, 0.8% DIO; (e) dark-field STEM dark-field of BHJ blend cast from CF, 1.25% DIO; 

(f) map of BTR:IDTTBM blend cast from CF, 1.25% DIO; (g) BTR map of BHJ blend cast 

from CF, 1.25% DIO; (h) IDTTBM map of BHJ blend cast from CF, 1.25% DIO; (i) dark-field 

STEM image of BHJ blend cast from CF, 5% DIO; (j) map of BTR:IDTTBM blend cast from 

CF, 5% DIO; (k) BTR map of BHJ blends cast from CF, 5% DIO; (l) IDTTBM map of BHJ 

blend cast from CF, 5% DIO. Scale bars: 500nm. 

 



118 

 

 

 

 

The BHJ morphologies of “as-cast” and “optimized” (DIO, 0.8% (v/v); conditions 

identical to those described in Table 4.2) devices made with the SM donors DR3, 

SMPV1, BTR and the nonfullerene acceptor IDTTBM were examined by bright-field 

electron transmission microscopy (TEM). Here, both “as-cast” and “optimized” active 

layers appear rather non-uniform at first, although we note that distinguishing 

between donor- and acceptor-rich domains requires a different level of analysis, and 

that contrast differences in the bright-field mode can also result from film thickness 

and/or surface roughness variations. The film surface variations are examined by 

atomic force microscopy (AFM), indicating that “optimized” active layers contain 

rugged planes characterized by root-mean-square (RMS) roughness values >3 nm, 

while “as-cast” films have RMS values <1 nm. High-resolution TEM imaging coupled 

with electron energy loss spectroscopy (EELS) analyses shown in Figure 4.3 indicates 

that donor and acceptor counterparts are forming networks on various scales. The 

energy loss spectra pertaining to DR3, SMPV1, BTR and to IDTTBM (range: 2-8 eV) are 

utilized, allowing to distinguish between SM donor and nonfullerene acceptor across 

the BHJ active layers. In the dark-field scanning TEM mode (STEM), our EELS analyses 

(Figures 4.3b, 4.3g and 4.3l), provide a clear map of the phase-separated networks 

occurring across “as-cast” All-SM BHJ active layers; Red: SM donor-rich domains, 

Green: SM acceptor-rich domains (scale bars: 500 nm). Here, SM donor-rich domains 

as large as ca. 200 nm can be observed in the blend films. In contrast, “optimized” 

All-SM BHJ active layers (Figures 4.3d, 4.3i and 4.3n) show significantly finer-scale 

networks of SM donor- and SM acceptor-rich phases, indicating that the presence of 
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DIO in the processing solution effectively impacts the lengthscale of the 

donor-acceptor network formed. However, as seen from DR3-based BHJs, larger-sized 

SM donor regions may grow when the extent of DIO is increased to >1%, resulting in 

donor-rich domains larger than ca. 400 nm when up to 10% DIO is used (Fig. 4.4). 

Interestingly, considering BTR-based BHJs, Figures 4.5 show that SM acceptor-rich 

domains have a tendency to prevail when the extent of DIO is increased, indicating 

that DR3 and BTR have distinct network-forming propensities in the BHJ active layers 

with IDTTBM. Overall, Figures 4.3d, 4.3i and 4.3n emphasize the notable reduction in 

phase-separation lengthscale across all three BHJ active layers, as donor-acceptor 

intermixing improves in the presence of DIO (when quantities remain <1%, v/v), 

yielding BHJ solar cells with improved morphologies and, in turn, higher PCEs (Table 

4.2). The HR-TEM images provided in Figures 4.3e, 4.3j and 4.3o indicate that 

crystallites of ca. 40-50 nm are forming in optimized BHJ active layers (cf. experimental 

details in the SI). Based on our combined X-ray diffraction (XRD) and thin-film grazing 

incidence X-ray scattering (GIXS) analyses respectively provided in Figures 4.6-4.7 the 

crystallites observed by HR-TEM stem from the self-organization of the SM donors DR3, 

SMPV1, and BTR (π-π distances: ca. 3.58 Å for DR3 and SMPV1 (in-plane), and ca. 3.72 

Å for BTR (out-of-plane)); whereas the SM acceptor IDTTBM does not show any 

evident sign of crystalline behavior based on these analyses. 
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Figure 4.6 X-ray diffraction (XRD) analyses (2 Theta range: 4° to 15°) for (a) neat films of 

SM donors and IDTTBM, (b) as-cast and optimized films of DR3, (c) as-cast, optimized 

films of SMPV1, and (d) as-cast, optimized and 0.8%DIO films of BTR. All films are spun 

cast from CF solution on the bared glass substrates. 
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Figure 4.7 GIXS patterns of DR3 (left), SMPV1 (middle) and BTR (right) in: (a)-(c) as-cast 

film (cast from CF), and (d)-(f) optimized BHJ thin film (processing conditions detailed in 

Table 4.2). The scattering intensity is plotted on a logarithmic scale and normalized in 

each GIXS pattern. The scattering rings at q values of ~2.5 Å−1 pertain to the Zinc oxide 

film. 
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Figure 4.8 Photoluminescence (PL) quenching data for the SM donors DR3, SMPV1 

and BTR and the nonfullerene acceptor IDTTBM in neat films (reference; w/o 

additive) (solid lines), and in the presence of their donor/acceptor counterpart 

(dashed lines) in “as-cast” (w/o additive) and in “optimized” BHJ active layers (0.8% 
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DIO, v/v). (a) DR3:IDTTBM, excitation at 580 nm, (b) DR3:IDTTBM, excitation at 700 

nm, (c) SMPV1:IDTTBM, excitation at 580 nm, (d) SMPV1:IDTTBM, excitation at 700 

nm, (e) BTR:IDTTBM, excitation at 570 nm, (f) BTR:IDTTBM, excitation at 700 nm. 

 

Since the absorption spectra (Fig. 4.1a) and PL patterns (Fig. 4.8) of the SM 

donors DR3, SMPV1 and BTR, and that of the SM acceptor IDTTBM, lie in regions of 

sufficiently distinct wavelengths, the donor and acceptor components can be 

individually excited at different wavelengths (580 nm and 700 nm, respectively). As 

illustrated in Figure 4.8, considering the excitation of the SM donor-rich domains (Fig. 

4.4a, 4.4c and 4.4e), the PL quenching efficiencies of the “optimized” BHJ active layers 

remain >90% in the presence of the nonfullerene acceptor IDTTBM. However, probing 

the SM acceptor-rich domains (Fig. 4.4b, 4.4d and 4.4f), it can be noted that the PL 

quenching efficiencies are more modest: 85% and 82% in blends with DR3 and SMPV1, 

and <70% in blends with BTR. These observations suggest that exciton diffusion and 

charge transfer at the donor-acceptor interfaces occur relatively effectively within the 

SM donor-rich domains (more crystalline as shown in Fig. 4.3e, 4.3j and 4.3o), but that 

these processes are not as effective within SM acceptor-rich regions. In turn, the PL 

quenching experiments indicate that further improving the All-SM active layer 

morphologies may substantially improve the photocurrents in actual BHJ solar cells. 
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Figure 4.9 Experimental dark current MIS-CELIV transients for hole-only diodes 

(ITO/MgF2/SM:IDTTBM/MoO3/Ag) made from (a) DR3:IDTTBM-based “as-cast” 

blends, (b) DR3:IDTTBM-based “optimized” blends, (c) SMPV1:IDTTBM-based 

“as-cast” blends, (d) SMPV1:IDTTBM-based “optimized” blends, (e) 



125 

 

 

 

 

BTR:IDTTBM-based “as-cast” blends, and (f) BTR:IDTTBM-based “optimized” blends. 

Device processing conditions detailed in Table 4.2. 

 

Table 4.3 Carrier mobility estimates obtained by MIS-CELIV analyses for “as-cast” and 

“optimized” for “All-SM” active layers made from DR3, SMPV1 and BTR, in blends with 

the nonfullerene SM acceptor IDTTBM. 

SM Donora Active Layer 
μh 

[cm2 V-1 s-1] 

μe 

[cm2 V-1 s-1] 
μh/μe 

DR3 

as-cast 1.4 x 10-5 1.0 x 10-5 1.4 

optimized 4.5 x 10-4 1.4 x 10-4 3.2 

SMPV1 

as-cast 1.0 x 10-5 1.0 x 10-5 1.0 

optimized 4.5 x 10-4 1.5 x 10-4 3.0 

BTR 

as-cast 1.4 x 10-5 1.5 x 10-5 0.93 

optimized 1.7 x 10-5 3.3 x 10-4 0.052 

aThe “as-cast” and “optimized” conditions are described in Table 4.2. 

Efficiency of carrier transport can be correlated to morphological effects in BHJ 

active layers.141, 149 To probe carrier transport across the All-SM blends with DR3, 
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SMPV1 and BTR, we turned to “metal-insulator-semiconductor carrier extraction” 

measurements using linearly increasing voltage transients (MIS-CELIV, Tables 

4.3).129-130, 188 The results of those analyses are provided in Figure 4.9 and Table 4.3. 

Figure 4.9 shows the dark current density-voltage characteristics (at room 

temperature) for “as-cast” and “optimized” All-SM active layers in hole-only MIS 

diodes (ITO/MgF2/SM:IDTTM/MoO3/Ag) and electron-only MIS diodes 

(ITO/MgF2/SM:IDTTBM/Ca/Al). The thick layers of MgF2 (ca. 80 nm) deposited on ITO 

are intended to block a specific carrier type (holes or electrons) while only the 

oppositely-charged carrier is extracted and analyzed. Our analyses summarized in 

Table 4.3 indicate that hole (μh) and electron (μe) mobilities for “as-cast” active layers 

fall into the range 1-2 x 10-5 cm2 V-1 s-1. In “optimized” active layers cast with DIO 

(0.8%, v/v), μh values for DR3/SMPV1-based active layers reach ca. 4.5 x 10-4 cm2 V-1 

s-1, which are approximately one order of magnitude higher than those of BTR-based 

active layers (ca. 1.7 x 10-5 cm2 V-1 s-1); μe values in range of 1-3.5 x 10-4 cm2 V-1 s-1 scale 

comparably across all “optimized” BHJ active layers. The notable difference in hole 

mobilities between DR3/SMPV1- and BTR-based active layers parallel the solar cell 

efficiency differences outlined earlier in Table 4.2: PCEs of ca. 4.5% for 

DR3/SMPV1-based devices vs. PCEs of <2.5% BTR-based optimized BHJ solar cells. We 

also note that the imbalance between hole and electron mobilities in the BTR-based 

BHJ thin films (μh/μe = 0.052 vs. 3.21 for DR3/SMPV1-based films) is likely to be at the 

origin of significant charge build-up in the optimized BHJ solar cells, limiting the JSC; 

interpretation in agreement with the figures of merit outlined for BTR-based BHJ solar 
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cells in Table 4.2: low JSC values <6 mA/cm2. 

 

Figure 4.10 (a) JSC vs. light intensity plots for DR3–based BHJ devices with various 

active layer thicknesses. (b) VOC vs. light intensity plot for DR3–based BHJ devices with 

various active layer thicknesses. Transient short-circuit current (normalized) in 

response to a 200 µs white light (LED) pulse for (c) DR3 (d) SMPV1 (e) BTR –based BHJ 

devices. (f) Turn-on dynamics for SMPV1-based device. The black arrows emphasize 
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the dependence of the device short-circuit current characteristics as a function of 

light intensities (provided in terms of equivalent sun). The solid lines in (a) and (b) 

correspond to fits to the data according to  and _ 𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑛𝑛𝑛𝑛𝑛𝑛
𝑞𝑞

ln𝐼𝐼, respectively. 

Analyses performed with a white LED with a maximum irradiance of 200 mW/cm2. In 

accounting for spectral mismatch, 70% of the maximum irradiance of the white-light 

LED was used to reproduce the JSC values normally achieved under standard AM1.5G 

solar illumination (100 mW/cm2). 

 

Figure 4.11 JSC vs. light intensity for as-cast and optimized BHJ devices made with (a) 

SMPV1 and (b) BTR, where the solid lines correspond to the fits derived from the 

expression 𝐽𝐽𝑠𝑠𝑠𝑠 ∝ 𝐼𝐼𝛼𝛼. VOC vs. light intensity for as-cast and optimized BHJ devices made 

with (c) SMPV1 and (d) BTR, where the solid lines correspond to the fits derived from 
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the expression δ 𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑛𝑛 𝑛𝑛𝑛𝑛
𝑞𝑞

ln𝐼𝐼. 

 

To investigate the carrier recombination kinetics in “as-cast” and optimized BHJ 

active layers with DR3, SMPV1 and BTR, and the nonfullerene SM acceptor IDTTBM, 

we examined the variations of JSC under various light intensities. Prior studies have 

described how bimolecular recombination losses in BHJ solar cells can be estimated by 

fitting JSC vs. light intensity data plotted in log scales, using the power law equation 

𝐽𝐽𝑠𝑠𝑠𝑠 ∝ 𝐼𝐼𝛼𝛼, where α is the power factor. In short, a value of α equal to unity reflects 

weak/no bimolecular recombination (in this instance, most carriers are swept out prior 

to recombining), whereas smaller α values indicate a competition between carrier 

recombination and extraction, whereby recombination yields impinges on the device 

photocurrent. Figures 4.10 illustrate the dependence of JSC on light intensity for the 

All-SM BHJ devices cast without processing additive (no DIO), and in the presence of 

additive (cf. optimized conditions defined in Table 4.2). For “as-cast” BTR-based BHJ 

active layers in Figure 4.11, the fits to the JSC vs. light intensity data yield α values of 

0.81, indicating appreciable recombination losses. In contrast, optimized BTR-based 

BHJs yield α values of 0.95, indicative of a more favorable regime whereby carrier 

extraction proceeds with notably suppressed recombination losses. Likewise, α values 

inferred from the fits to the JSC vs. light intensity data in Figures 4.10a and 4.11a for 

“as-cast” DR3- and SMPV1-based BHJ active layers increase from 0.85 and 0.86, to 

0.95 and 0.96, respectively, indicating that bimolecular recombination can be nearly 
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suppressed upon systematic optimization of the BHJ active layer morphologies. These 

results are consistent with the figures of merit summarized in Table 4.2 when 

comparing “as-cast” and optimized BHJ solar cells made with DR3, SMPV1 and BTR. 

From these analyses, we note however that the lower JSC <6 mA/cm2 measured for 

BTR-based BHJ devices does not stem from a higher yield of bimolecular 

recombination under AM1.5G. 

Figure 4.10b and 4.11c-d shows the variation of VOC vs. light intensity in a 

natural log scale, with data fitted to VOC ∝ nkT/q ln(I), where k, T, and q are the 

Boltzmann constant, temperature in Kelvin, and the elementary charge, respectively. 

The parameter n (usually in the range of 1 to 2) reflects the presence/absence of 

carrier traps across the active layers or at interfaces with the electrodes. Any 

deviations from n = 1 (trap-free condition) point to the existence of recombination 

effects and, more specifically, to the existence of trap-assisted recombination. In 

Figure 4.10b, the VOC vs. light intensity data for “as-cast” DR3-based devices shows a 

slope of n=1.93 kT/q, indicating a significant extent of trap-assisted recombination near 

VOC. In optimized active layers, inferred n values are reduced to 1.13, showing that 

trap-assisted recombination is suppressed as more favorable morphologies are 

achieved. As shown in Figures 4.11c-d, n values for optimized SMPV1- and BTR-based 

BHJ active layers are similarly suppressed to 1.18 and 1.13, respectively. 

Further insights into carrier transport and, in particular, on whether carrier 

traps affect the transport in BHJ active layers can be inferred from transient 
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photocurrent (TPC) measurements. TPC experiments have previously been used to 

investigate the trapping and detrapping rates in polymer-fullerene,164, 168 

“all-polymer”,164, 169 and hybrid BHJ solar cells.189 Figures 4.10c-f examine the turn-on 

and turn-off dynamics of optimized BHJ active layers with DR3, SMPV1 and BTR using 

long light pulse excitations (200 µs), allowing the current density to reach the 

steady-state conditions comparable to those used for the light intensity dependence 

analysis previously discussed (Fig. 4.10a-b). For all three All-SM systems, the turn-on 

and turn-off dynamics are fast and varying the light intensity result in negligible 

changes in the current response. As shown in Figure 4.10f, a closer examination of the 

current response confirms that the light dependence behavior is modest. At 1 sun 

condition, the rise/fall time (defined as the time taken to go from 10% to 90% of the 

response) is respectively 1 µs, 1.5 µs, 2.1 µs for DR3, SMPV1 and BTR –based optimized 

active layers. The modest light dependence behavior may stem from the charge 

density dependence of the carrier mobility. Importantly, the fast turn-on/turn-off 

behavior observed for all three All-SM systems, and near-“transient-peak-free” curves 

and rise/fall times, indicate that carrier trapping and/or detrapping effects are not 

limiting factors significantly influencing BHJ solar cell performance. 
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Figure 4.12 Photocurrent vs. effective applied voltage (V0-Vapp) for optimized BHJ 

devices made from DR3 and BTR, respectively. Photocurrent densities are obtained 

from subtracting device current densities under illumination and in the dark, 

respectively, and Veffective from subtracting the compensation voltage (voltage at 

Jphoto= 0) and the applied bias, respectively. The optimized conditions are described in 

Table 4.2. 

 

In BHJ active layers for which adequately mixed donor-acceptor morphologies 

are apparent via EELS mapping analyses in STEM mode (Fig. 4.3), the presence of 

poorly connected small-sized domains and aggregate trap states are difficult to 

discern, yet those can effectively lower the EQE/IQE in actual BHJ solar cells. The 

presence of these morphological features can be inferred from reverse bias analyses 

(described below) and carrier transport measurements (discussed in earlier section). In 
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Figure 4.12, the photocurrent of optimized DR3- and BTR-based BHJ solar cells is 

plotted as a function of the effective applied voltage (Veff). Here, the characteristic 

photocurrent of BTR-based BHJ devices shows a pronounced field-dependent behavior 

across the whole Veff range (0-6V); for optimized DR3-based BHJ devices, the 

characteristic photocurrent does not follow the same slop across the same Veff range 

and it rapidly reaches higher values at lower biases (comprising those relevant to solar 

cell operation; e.g. 9.2 mA cm-2 at 1 V vs. 6.4 mA cm-2 in BTR-based devices). These 

results suggest that charges can be relatively efficiently separated and extracted in 

DR3-based BHJs, while optimized BTR BHJs remain hindered by morphological effects. 

From our prior MIS-CELIV analyses (Fig. 4.9 and Table 4.3), we shall also recall that hole 

mobilities in optimized BTR-based BHJ active layers are significantly lower than those 

in DR3-based BHJs (1.7 x 10-5 cm2 V-1 s-1 vs. 4.5 x 10-4 cm2 V-1 s-1, respectively), an 

observation that parallels the expectation of unfavorably connected donor-rich 

domains and aggregate trap states across BTR-based active layers. While more detailed 

spectroscopic and morphological analyses are beyond the scope of this concise report, 

future work should shed light on the morphology-correlated charge dynamics in those 

systems, further exploring the exciton decay, domain purities and mixed phases in the 

active layers. 

 

4.3 Conclusions 

In summary, comparing the efficiency patterns of the well-defined SM donors 
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DR3, SMPV1, and BTR – used in conjunction with the nonfullerene acceptor IDTTBM – 

in “All-SM” BHJ solar cells, we found that DR3- and SMPV1-based devices can achieve 

PCEs of up to ca. 4.5% (avg. 4.0%). While the side-chain manifold of their analogous 

BTR counterpart differs to a more significant extent, BTR-based BHJ solar cells are 

limited to lower figures of merit (PCEs <2.5%). Importantly, the outcome of our 

systematic EELS analyses in STEM mode indicates that “as-cast” BHJ morphologies are 

significantly coarser (SM domains as large as ca. 200 nm) than those of “optimized” BHJ 

solar cells, resulting in PCEs <1%. When the solution-processing additive 

1,8-diiodooctane (DIO, 0.8% v/v) is used in the blend solutions, the phase-separation 

lengthscale of the donor-acceptor network improves dramatically and, in general, the 

carrier mobilities (estimated by MIS-CELIV) increase. While the carrier recombination 

analyses (light-dependence and TPC measurements) indicate that the nongeminate 

recombination effects in all-SM devices (DR3, SMPV1 and BTR) are significantly 

reduced in “optimized” active layers compared to “as-cast” ones, the charge transport 

studies show that DR3- and SMPV1-based “All-SM” devices benefit from a greater 

balance in hole/electron mobilities (μh/μe = ca. 3 vs. 0.05) and higher carrier collection 

efficiencies compared to their BTR counterpart. This study also emphasizes the 

relevance of the nonfullerene SM acceptor IDTTBM for “All-SM” BHJ solar cells. 
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CChhaapptteerr  55                                                                                                               

The Charge Carrier Transport and Recombination in Solution-Processed 

“All-Small-Molecule” Solar Cells with IDTBR Nonfullerene Acceptor  

Solvent Vapor Annealing (SVA) treatment has been reported as an efficient 

protocol to fine-tune the BHJ morphology of small molecule solar cells, both for 

fullerene and nonfullerene systems. In this chapter, we investigate the effect of SVA 

treatment to the active layer morphology, made from SM donor DR3 and acceptor 

IDTBR, and the morphology evolution is also related to the charge transport and 

recombination within the blends. The detailed synthetic routes, molecule 

characterization and supporting information of these related information will be found 

in the following article: 

 

Liang, R.-Z.; Babics, M.; Savikhin, V.; Zhang, W.; Le Corre, V. M.; Lopatin, S.; Kan, Z.; 

Firdaus, Y.; Liu, S.; Laquai, F.; McCulloch, I.; Toney, M. F.; Beaujuge, P.M.; “Carrier 

Transport and Recombination in Efficient “All-Small-Molecule” Solar Cells with the 

Nonfullerene Acceptor IDTBR”, Adv. Energy Mater. 2018, Just Accepted 

 

5.1 Research Motivation 

In solution-processable bulk-heterojunction (BHJ) solar cell developments, the 

approach consisting in blending small-molecule (SM) donors with SM acceptors (other 
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than the fullerene [6,6]-phenyl-C61 (or C71)-butyric acid methyl ester (PC61BM/ 

PC71BM)) is notoriously challenging.180, 190-191 Specifically, the morphological factor 

plays a determining role in “All-SM” solar cells,174, 192-194 since donor-acceptor networks 

that form across the BHJ active layers should be such that domain sizes remain within 

exciton diffusion length limits (i.e. 5-20 nm; depending on carrier mobilities, amongst 

other important aspects) – an outcome difficult to reach with SM donor and acceptor 

counterparts that tend to yield relatively large domain sizes.181, 192, 194-195 As a result, 

BHJ solar cell developments have long been centered on the use of at least one 

polymer component in order to facilitate the formation of a co-continuous 

donor-acceptor network on the principle of phase separation between the polymer 

and a SM counterpart (e.g. PC61/71BM15-17, 83, 196 or, more recently, a SM acceptor 

alternative187, 197-200). However, a few recent studies are pointing to several SM donor 

and acceptor combinations particularly promising for the prospect of achieving 

efficient All-SM solar cells that can rival those of polymer-fullerene BHJ solar cells 

(>10%).96, 176, 201-202 SM systems being well-defined, monodispersed (in size and 

molecular weight), and readily scalable with batch-to-batch consistency, those stand 

out as promising alternatives to their polymer counterparts. For synthetic access, 

purity and cost-related reasons, it should also be mentioned that “nonfullerene” SM 

acceptors are logical alternatives to PC61/71BM. While the design principles leading to 

the selection of an appropriate pair of SM donor and acceptor counterparts have not 

yet been determined, it is clear that not all SM systems are amenable to efficient 

All-SM solar cells, and that material design aspects impact BHJ device efficiency 
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patterns.176, 201-202 

In this study, we demonstrate that All-SM solar cells fabricated with the SM 

donor DR3TBDTT (DR3)90 and the nonfullerene SM acceptor O-IDTBR187, 203 (Figure 

5.1a-b) can achieve power conversion efficiencies (PCEs) as high as 6.5% (avg. 6.1%) 

and open-circuit voltages (VOC) >1.1 V, upon specific device post-processing annealing 

steps. In particular, we find that exposing the active layer to a solvent vapor annealing 

(SVA) protocol relying on the low-partial-pressure solvent dimethyl disulfide (DMDS) 

impacts the structural development of the BHJ network formed between DR3 and 

O-IDTBR favorably. Our device fabrication protocol results in a doubling of the PCE 

compared to the “as-cast” reference All-SM device (max. 3.4%), and a ca. six-fold 

improvement relative to DMDS-treated All-SM devices exposed for non-optimum 

periods of time (e.g. 600 s, max. 1.1%). Combining (i) electron energy loss spectroscopy 

(EELS) analyses in scanning transmission electron microscopy (STEM) mode, (ii) grazing 

incidence X-ray scattering (GIXS) measurements, (iii) carrier transport measurements 

via “metal-insulator-semiconductor carrier extraction” (MIS-CELIV) methods, and (iv) 

systematic recombination examinations by light-dependence, transient photocurrent 

(TPC) and transient photovoltage (TPV) analyses, we systematically characterize the 

benefits and limitations of SVA treatments subjected to the DR3:O-IDTBR active layer. 

While “optimized” All-SM solar cells show particularly high short-circuit current 

densities (JSC) >10 mA/cm2 and fill-factor values (FF = 50%) considering the absence of 

polymer and fullerene counterpart, our device modeling analyses predict that notably 

higher JSC and PCE values of 15 mA/cm2 and 12% can be expected upon further active 
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layer optimizations with DR3 and O-IDTBR (noting that both DR3 and O-IDTBR are 

visible absorbers). Approaching the theoretical limits, our model shows that a 

concurrent improvement of IQE to >85%, carrier mobilities to >10-4 cm2 V-1 s-1, and 

recombination rate constant k to <10-12 cm3 s-1, are required conditions to attain device 

PCEs >12% –emphasizing the importance of improving carrier transport and 

suppressing recombination in All-SM solar cells. 
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Figure 5.1 Molecular structures of (a) the SM donor DR3 (top) and (b) that of the SM 

acceptor O-IDTBR (bottom). (c) Normalized thin-film UV-vis absorption spectra of DR3 

and O-IDTBR; the spectra of the polymer donor P3HT and that of the fullerene 

acceptor PC71BM are provided for comparison. (d) PESA-estimated ionization 

potentials (IP) and electron affinity (EA) for DR3 and O-IDTBR; the values for P3HT and 

PC71BM are provided for comparison. EA values inferred by subtracting IP and Eopt 
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values; optical bandgaps estimated from the onset of the UV-vis absorption spectra 

(films). 

 

 

Figure 5.2 PESA curves for (a) DR3 and (b) O-IDTBR (neat films); PESA-inferred 

ionization potentials (IPs) are reported on the plots (in red). 

 

5.2 Results and Discussions 

The thin-film UV-Vis absorption spectra of DR3 and O-IDTBR (neat films; 

normalized spectra) are superimposed in Figure 5.1c. The presence of distinct spectral 

features/shoulders with different relative peak intensities in the thin-film spectra 

suggests that both DR3 and O-IDTBR are prone to aggregate. Figure 5.1c further 

emphasizes the complementarity between the UV-Vis spectra of DR3 (main 

absorption: 500-650nm) and O-IDTBR (main absorption: 600nm-730nm) –an important 
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characteristic in the fabrication of efficient BHJ solar cells (discussed in later sections). 

The absorption plots for the polymer donor P3HT (commonly used in the field) and the 

fullerene acceptor PC71BM are overlaid in Figure 5.1c, stressing the fact that DR3 and 

O-IDTBR have spectral absorptions that are significantly red-shifted, absorbing at 

longer wavelengths where the photon flux is the most prevalent (beneficial under 1 

sun when compared to the P3HT:PC71BM blend system). Figure 5.1d gives a schematic 

representation of the energy band edge pattern expected for the various molecular 

systems being discussed. The optical bandgaps (Eopt) are inferred from the onset of the 

thin-film UV-vis absorption spectra: ca. 1.71 eV for DR3 and ca. 1.63 eV for O-IDTBR. 

The ionization potentials (IPs) of SM donor and acceptor were determined via 

photoelectron spectroscopy in air (PESA, Fig. 5.2): 5.11 eV for DR3 and 5.56 eV for 

O-IDTBR; inferred by subtracting IP and Eopt values, the extrapolated electron affinity 

(EA) values are 3.4 eV for DR3, and 3.93 eV for O-IDTBR. Considering energy band 

alignments, Figure 5.1d hints at a higher expected VOC for the DR3:O-IDTBR than that 

for the P3HT:PCBM model system, which would favorably impact PCE in an “All-SM” 

solar cell. 
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Figure 5.3 (a) Characteristic J-V curves, (b) EQE spectra and (c) average EQE and IQE 

values obtained from devices subjected to various SVA treatments with DMDS 

(wavelength range used for the QE averaging: 350-720 nm). (d) Jph vs. Veffective for BHJ 

solar cells fabricated from DR3 and O-IDTBR (processing conditions detailed in Table 

5.1); AM1.5G solar illumination (100 mW/cm2). Integrated EQEs are in agreement (± 

0.3 mA/cm2) with the JSC values reported in Table 5.1. 

 

Thin-film BHJ solar cells were fabricated with the conventional structure 

ITO/PEDOT:PSS/DR3:O-IDTBR/ETL/Al (device area: 0.1 cm2), and tested under 

simulated AM1.5G sun illumination (100 mW/cm2); detailed experimental protocols are 
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provided in the SI. Table 5.1 summarizes the figures of merit of optimized BHJ devices 

made from blends of DR3 and O-IDTBR, with and without SVA treatment with the 

low-partial-pressure solvent dimethyl disulfide (DMDS). In a few prior studies, SVA 

treatments with solvents such as dichloromethane (DCM), tetrahydrofuran (THF) and 

carbon disulfide (CS2), have been shown to improve the blend morphologies of BHJ 

solar cells made with SM donors and PCBM acceptors and, in turn, device PCEs.23, 149, 204 

It is important to note, however, that solvents inducing morphological variations to the 

active layers can also result in reduced device performance figures, and that the 

outcome of these tentative optimization steps remain SM system-dependent. As 

described in Table 5.1, “as-cast” devices made from DR3:O-IDTBR yield concurrently 

modest short-circuit current (JSC) and fill-factor (FF) of 7.7 mA/cm2 and 39%, 

respectively. Upon SVA treatment via DMDS for 30s, the device JSC and FF increase 

dramatically from 7.7 mA/cm2 to 11.3 mA/cm2 and from 39% to 50%, suggesting that 

favorable morphological effects are occurring in the BHJ active layer. In turn, the BHJ 

solar cells achieve PCEs as high as 6.4% (avg. 6.1%), the best value for “nonfullerene” 

All-SM BHJ solar cells with VOC > 1 V reported to date.96, 176, 180, 193-194, 201 The high VOC of 

ca. 1.1 V is in agreement with the PESA-estimated IP of DR3 (ca. 5.11 eV), considering 

the EA value of 3.93 eV for the SM acceptor O-IDTBR (Fig. 5.2). 

 

 

 



144 

 

 

 

 

Table 5.1 PV Performance of the All-SM DR3:O-IDTBR Pair in Direct BHJ Devices.a 

BHJ 
DMDS 

SVA 

Time (s) 

Interfaci

al layer 

JSC 

[mA/cm2] 

VOC 

[V] 

FF 

[%] 

Avg. 

PCEc 

[%] 

Max. 

PCE 

[%] 

DR3:O-I

DTBRb 

0 DPO 7.7 1.12 39 3.1 3.4 

30d DPO 11.3 1.12 50 6.1 6.4 

600 DPO 2.1 0.93 40 0.8 1.1 

30 Ca 9.6 1.13 42 4.3 4.5 

aAdditional device statistics are provided in the SI of the published paper. bDevices with 

optimized DR3:O-IDTBR ratio of 1:1 (wt/wt) solution-cast from chloroform (CF). 

cAverage values across >20 devices (device area: 0.1 cm2). dOptimized device 

conditions and device architecture 

 

Considering the best FF values achieved of 50% (SVA via DMDS, for 30s), 

whereas polymer-fullerene BHJ solar cells are commonly amenable to FFs of 65% (e.g. 

P3HT:PC71BM)205 and some can reach higher FFs of 70-80%,206-207 the morphology of 

the active layer may not yet be fully optimum. In an attempt to further influence 

thin-film morphology, SVA exposure time was extended to up to 600s (Table 5.1): 

however, here the device FF dropped to 40%, accompanied by significant JSC and VOC 

losses to 2.1 mA/cm2 and 0.93 V, respectively. As a result, BHJ solar cells exposed to 

DMDS for 600s did not reach efficiencies higher than 1.1%, indicating that longer SVA 
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exposure times can be detrimental to device performance (effects on morphologies 

discussed in later sections). Interfacial layer selection and carrier extraction effects are 

another possible source of limitation on device FF. In Table 5.1 and Figure 5.3a, the 

intercalation of a thin layer of calcium (Ca) at the cathode is shown to effectively 

improve the FF and overall PCEs to 4.5%, compared to reference cells made without Ca 

interlayer.  It is interesting to note however that the corresponding J-V curves shown 

in Figure 5.3a describe the occurrence of a S-shape behavior for the cells made with Ca 

interlayers, pointing to an unfavorable interface (e.g. energy level mismatch, space 

charge effects, trap states, etc.). As also shown in Table 5.1, the intercalation of a thin 

layer of phenyl(2-naphthyl)diphenylphosphine oxide (DPO) instead of Ca suppresses 

the S-shape behavior and improves both JSC and FF values, resulting in the best PCE 

values achievable with DR3 and O-IDTBR in Table 5.1. 

Energy losses (E loss) characterized in the difference between the optical gap of 

the BHJ and the VOC of the solar cell cause major PCE deficits. In fullerene-based BHJ 

solar cells, E loss typically amounts to 0.7–1 eV, thus drastically limiting the VOC.139, 208-209 

While a few recent studies have described donor-acceptor PCBM-based systems with 

VOC values nearing 1 V, several nonfullerene BHJ couterparts have met with E loss values 

as low as 0.5-0.7 eV, and VOC values exceeding 1 V.96, 194, 202 Here, in All-SM solar cells 

with DR3 and O-IDTBR, Eloss can be estimated from E loss= Eoptmin – eVOC (with Eoptmin the 

smallest optical gap of either donor or acceptor) using the VOC of 1.12 V and the optical 

gap of 1.63 eV for O-IDTBR, yielding 0.51 eV –one of the lowest reported E loss values to 

date for BHJ solar cells (comparable to that for perovskite-based solar cells).209-211 



146 

 

 

 

 

 

Figure 5.4 Integrated photocurrent for DR3:O-IDTBR BHJ devices (processing conditions 

detailed in Table 5.1). 

 

The spectral complementarity of O-IDTBR in the long-wavelengths range 

(600-750 nm) can be expected to contribute to the high JSC values achieved by the 

optimized All-SM solar cells. Our transfer matrix simulations (including Figure 5.13) 

indicate that a maximum theoretical JSC of ca. 18 mA/cm2 is achievable for BHJ devices 

made with O-IDTBR and DR3 (assuming 100% IQE; thickness: 100 nm). The significantly 

higher JSC for optimized DR3-based BHJ devices compared to those obtained with 

“as-cast” and “600s-SVA” (Fig. 5.3a) are consistent with the external quantum 

efficiency (EQE) spectra across all three conditions (Fig. 5.3b). Thus, optimized 

DR3-based BHJs show an average EQE value of 43% across the range 340-740 nm 

(peaking at ca. 46% in the region of DR3), which is a significant departure from 31% for 

“as-cast” BHJs and from 6% for “600s-SVA” BHJs. Meanwhile, the EQE responses of 
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DR3-based devices exposed to SVA times of 120s and longer remain under 20% across 

the same range, in agreement with the modest JSC values measured from the J-V plots 

(Fig. 5.3a). Integrated EQEs in Fig. 5.4 are in agreement (± 0.3 mA/cm2) with the Jsc 

values discussed above and reported in Table 5.1. 

The dependence on the effective optical absorption of the active layer is 

removed in comparing the internal quantum efficiency (IQE) spectra of three SM 

donors shown in Figure 5.3c. The IQE spectra parallel the EQE, with IQE values >60% 

across the range 350-720 nm in “optimized” active layers (SVA time: 30s), <50% and 

<10% across the same range for as-cast and for active layers subjected to extended SVA 

times (600s). Overall, our IQE measurements suggest that DR3-based All-SM solar cells 

suffer from substantial recombination and/or exciton quenching events that limit the 

photocurrent; although, these effects appear to be significantly more pronounced in 

BHJ devices for which the active layer is subjected to extended SVA treatment times 

that they are in “optimized” devices treated for 30s with DMDS. It is worth noting that 

the aforementioned IQEs are in agreement with IQEs estimated from the experimental 

JSC divided by the maximum theoretical JSC calculated by transfer matrix modeling (see 

details in Table 5.2) –an observation confirming the accuracy of our optical simulations. 

Despite expectations of comparable JSC values for DR3-based All-SM device based on 

the optical model (cf. earlier discussion), the moderate EQE/IQE as well as the FF <60% 

point to significant charge collection limitations in actual BHJ solar cells. To 

characterize the underlying losses, we analyzed the evolution of photocurrent density 

(Jph) as a function of effective voltage (Veff) in optimized BHJ devices; results shown in 



148 

 

 

 

 

Figure 5.3d. Here, Jph is defined as: Jph = JL - JD, where JL and JD represent the 

photocurrent densities under light illumination and in the dark, respectively. Veff is 

given by: Veff = V0 - Vapp, where V0 is the compensation voltage when Jph = 0 V, and Vapp 

is the applied voltage.  Here, the characteristic photocurrent of DR3-based BHJ 

devices for which the active layer was subjected to an extended SVA treatment of 600s 

shows a pronounced field-dependent behavior across the entire Veff range (0-8V). In 

contrast, the characteristic photocurrent of optimized DR3-based BHJ devices does not 

follow the same slope across the same Veff range as it rapidly reaches high current 

values at lower biases (comprising those relevant to solar cell operation; e.g. 10.3 mA 

cm-2 at 1 V vs. 1 mA cm-2 in 600s condition) and then follows a distinct, less 

pronounced field-dependent behavior beyond 1V. These results suggest that charges 

can be relatively efficiently separated and extracted in optimized BHJs, whereas BHJs 

subjected to extended SVA times (600s) remain hindered by notable extraction 

limitations at all voltages. 

Table 5.2 Estimated IQE based on the measured photocurrent (Jph, in this particular case 

is under short-circuit condition) and max. theoretical short-circuit current (JSC,Max, 

estimated by transfer matrix modeling in Fig. 5.6). 

BHJ Thickness JSC,Max [mA/cm2] Jph [mA/cm2] IQE (%) 

DR3:O-IDTBR 110 17.65 11.2 63.5 
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Figure 5.5 (a) α vs. DMDS SVA time extracted from the plot of JSC vs. light intensity, (b) 

n (kT/q) vs. DMDS SVA time extracted from the plot of VOC vs. light intensity, (c) Jph/Jsat 

vs. light intensity at short-circuit, and (d) Charge densities vs. light intensity; carrier 

densities determined from charge-extraction (CE) measurements. (e) Non-geminate 

recombination rate constant krec, extracted from τ and n, as a function of n. (f) 
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Photoluminescence (PL) quenching data for the SM donor DR3 (blue) and the 

nonfullerene acceptor O-IDTBR (red) in the presence of their donor/acceptor 

counterpart for active layers treated with DMDS for various SVA exposure times. 

 

Non-geminate carrier recombination can be characterized via light-intensity 

dependence measurements, examining the JSC inferred from J-V curves as a function of 

light intensity. In those experiments, a white-light LED (200 mW/cm2; spectral 

mismatch accounted for) is used to reproduce the JSC values normally obtained under 

standard AM1.5G solar illumination (100 mW/cm2). In general, the relationship 

between JSC and incident light intensity can be described as: JSC ∝ Iα, whereby α = 1 

suggests that all dissociated free carriers are swept out prior to recombination and α < 

1 implies a dependence of JSC on bimolecular recombination (i.e. carriers recombine 

prior to extraction).34 From the JSC vs. light intensity data and the corresponding fitting 

data of α values for various SVA times with DMDS shown in Figure 5.5a, the fits yield α 

values of 0.99 for the BHJ solar cells prepared from SVA exposure times of 10s, 30s and 

60s –indicating that none of these devices suffer from a significant extent of 

bimolecular recombination losses under short-circuit conditions. In parallel, the 

dependence of Jph/Jsat on light intensity described in Figure 5.5c, (with Jsat taken as -2V) 

also points to negligible bimolecular recombination for the aforementioned device 

prepared from the 30s SVA condition at short-circuit: i.e. non-geminate recombination 

losses are not apparent considering the relative independence of Jph/Jsat on device 
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illumination conditions. Thus, the 23% photocurrent loss (at 1 sun) inferred from prior 

analyses for optimized active layers (30s) may arguably be tied to geminate 

recombination processes. Meanwhile, considering the fitted α values obtained for BHJ 

layers in as-cast and 600s SVA conditions (Fig. 5.5a): 0.93 and 0.89, respectively, the 

extent of bimolecular recombination in the corresponding BHJ devices is 

non-negligible. Here, the photocurrent losses are more than 55% higher for the later 

device (600s), suggesting that both significant geminate and non-geminate 

recombination take place concurrently. To quantify the contribution of non-geminate 

recombination losses (relative to all recombination losses), the Jph/Jsat ratios are 

compared at high and low light intensities. In active layers treated with DMDS for 600s, 

non-geminate recombination accounts for ca. 17% and ca. 26% of all recombination 

losses at 1 and 1.2 sun at short-circuit (Fig. 5.5c). 

Since bimolecular recombination is significantly reduced upon controlled and 

relatively short SVA exposure times, but becomes prominent again for extended 

treatment times, understanding the recombination process may shed light on the 

correlations between SVA treatment time and BHJ morphology. The bimolecular 

recombination losses present primarily in the as-cast and 600s-SVA condition BHJs may 

stem from trap-assisted recombination processes. To probe this hypothesis and confirm 

the main recombination pathway, we turned to an examination of the variations of VOC 

with light intensity –data plotted in a natural log scale in Figure 5.5b; data fitted to VOC 

∝ nkT/q ln(I), where k, T, and q are the Boltzmann constant, temperature in Kelvin, and 

the elementary charge, respectively. The parameter n (usually in the range of 1 to 2) 
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reflects the presence/absence of carrier traps across the active layers or at interfaces 

with the electrodes. Any deviations from n = 1 (trap-free condition) point to the 

existence of recombination effects and, more specifically, to the existence of 

trap-assisted recombination.34 In Figure 5.5b, the VOC vs. light intensity data for 

“as-cast” DR3-based devices describes a slope of n=1.54 kT/q, pointing to a significant 

extent of trap-assisted recombination near VOC. Considering the “optimized” condition 

(30s-SVA time), the data shown in Figure 5.5b indicates a significantly reduced slope 

value of 1.18, suggesting that trap-induced losses are suppressed across the active 

layer. As the SVA time is extended from 60s to 600s, the slope value increases from 1.4 

to >2 –a regime in which the corresponding devices become greatly impacted by 

trap-assisted losses. Those prominent losses in both as-cast and 600s-SVA-treated 

devices correlate with the reduced JSC and FF detailed in Table 5.1. Thus, controlled 

and relatively short SVA exposure times lead to reduced trap-assisted recombination, 

but more extended SVA times correlate with significant increases in trap-assisted 

recombination. These trends may be due to a reduction in trap states as domains 

become more ordered, but to an increase in carrier trapping as domains become larger 

than the exciton diffusion length (see GIXS analysis and discussions below). 
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Figure 5.6 Light-intensity dependent analyses for DR3:O-IDTBR BHJ films subjected to 

varying SVA exposure times with DMDS. (a) Charge carrier lifetime τ, determined from 

the TPV measured under open-circuit condition and plotted as a function of light 

intensity, (b) Charge carrier lifetime τ vs. charge density; carrier densities determined 

from charge-extraction (CE) measurements, and (c) Non-geminate recombination rate 

constant krec, extracted from τ and carrier densities, as a function of carrier densities. 

The light intensity is given in sun equivalent.  Analyses performed via a white LED with 

a maximum irradiance of 200 mW/cm2. In accounting for spectral mismatch, 100% of 

the maximum irradiance of the white-light LED was used to reproduce the JSC values 

achieved under standard AM1.5G solar illumination (100mW/cm2). 

 

Further insights into charge recombination across the BHJ active layers with 

respect to SVA exposure time can be inferred from transient photovoltage (TPV) 

measurements. Carrier lifetimes (τ) in Figure 5.6a (open-circuit condition) were 

extracted from the TPV decay dynamics using mono-exponential fits for a broad range 

of light intensities (2-100% of max. LED intensity), in consistency with prior studies. 
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Figure 5.6a shows that the DR3:O-IDTBR active layers possess similar τ values (1 µs-3 

µs) at 1 sun. Here, we note that, in comparing τ values, it is important to estimate the 

corresponding carrier densities in parallel. To this end, charge-extraction (CE) 

measurements were performed (on the same devices) upon exposure to various light 

intensities, and the carrier densities were inferred from these measurements. Figure 

5.5d and 5.6b depict the evolution of τ with carrier densities for BHJ solar cells with 

active layers exposed to several SVA conditions (including as-cast reference device). As 

shown in Figure 5.5d, carrier densities values decrease on going from “optimized” 

(30s), to as-cast, and to 600s-SVA condition BHJ layers –a trend in agreement with the 

relative JSC values measured for the corresponding BHJ solar cells under steady state 

conditions (Table 5.1, Figure 5.3a). The higher carrier densities for the “optimized” 

active layer (30s) may stem from higher exciton dissociation processes as discussed in 

prior studies.212 Furthermore, the comparable τ values in the aforementioned devices 

and the higher carrier densities in “optimized” DR3:O-IDTBR BHJs compared to that of 

as-cast and 600-SVA condition BHJs indicate that lower carrier recombination rates 

prevail in optimized (30s) devices. The bimolecular recombination rate constants krec 

were then inferred from the lifetime values and carrier densities according to  

krec=1/(λ+1)nτ, where λ is the recombination order determined from the analyses 

presented in Figure 5.5d. As shown in Figure 5.5e, at all given carrier densities, krec for 

the 600s-SVA condition BHJ layer is substantially larger than the corresponding values 

for the as-cast and 30s-SVA condition BHJ layers. Overall, these results and 

experimental observations point to important non-geminate recombination losses in 
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BHJ solar cells for which the active layer is subjected to longer SVA exposure times, 

while these occur to a negligible extent in as-cast and “optimized” (30s) devices. 

 

 

Figure 5.7 Photoluminescence (PL) quenching for neat films of DR3 and O-IDTBR and for 

optimized DR3:O-IDTBR BHJ thin films subjected to various SVA exposure times. (a) 

Excitation at the DR3 (550 nm); (b) excitation at the O-IDTBR (700 nm). PL quenching for 

neat films of DR3 (dash, blue), neat O-IDTBR (dash, red), as-cast DR3:O-IDTBR BHJ thin 

films (solid, red) and superimposed curve (dash, green) obtained from the linear 

combination of neat DR3 and O-IDTBR with the ratio of (c) 0.08:0.92 and (d) 0.2:0.8, 
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respectively. The arrow emphasizes the deviation of the superimposed curve from the 

measured PL curve. 

 

In order to probe the efficiency of exciton diffusion and charge transfer at the 

donor-acceptor interfaces between SM donor- and acceptor-rich domains, we turned 

to an examination of the BHJ active layers subjected to various SVA treatment times in 

a set of photoluminescence (PL) quenching experiments. Since the spectral absorption 

and photoluminescence (PL) patterns of DR3 and O-IDTBR lie in regions of distinct 

wavelengths, the donor and acceptor components can be individually excited at 

different wavelengths (see Fig. 5.7; excitation wavelengths: 550 nm and 700 nm, 

respectively). Note: since some overlap exists between the UV-vis absorption spectra of 

DR3 and O-IDTBR, their PL responses (neat films) must be linearly combined and 

compared to iterative plots produced from different ratios of the donors and acceptor 

counterparts (cf. example in Figure 5.7c), then one selects the PL curve that resembles 

the most the experimental PL spectrum collected for the DR3:O-IDTBR blend films 

subjected to various SVA exposure times. Taking Figure 5.7c to illustrate the process, 

the relevant DR3:O-IDTBR ratio for as-cast films is found to be 0.08:0.92 in comparing 

the iterative plots and the experimental PL spectrum (cf. Figure 5.7d as an example of 

deviation from the experimental PL) and this ratio yields the actual relative 

contributions of the donor and acceptor components to the experimental PL quenching 

data. This analysis is important to ascertain that both electron and hole transfers are 
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occurring quantitatively across the BHJ active layers. In order to obtain the 

aforementioned information of exciton dissociation efficiency, the steady-state PL 

spectroscopy is employed for the SM blends, compared with the neat SM donors and 

acceptor. As illustrated in Figure 5.5f, comparing the steady-state PL data for the neat 

films of the SM donor and acceptor counterparts, and that for the various BHJ films, 

the excitation of the SM donor-rich domains in the BHJs leads to PL quenching 

efficiencies ranging from 82% for the as-cast film to >90% for the SVA treated films. 

Meanwhile, probing the SM acceptor-rich domains (data overlaid in Fig. 5.5f), the PL 

quenching efficiencies remain ca. 90% for “optimized” (30s) active layers, and <75% in 

as-cast, 240s and 600s SVA-treated active layers. These observations suggest that 

exciton diffusion and charge transfer at the donor-acceptor interfaces occur relatively 

effectively within the SM donor-rich domains, but that these processes are not as 

effective within SM acceptor-rich regions. The evolution of the PL quenching in the 

O-IDTBR-rich phases as SVA time is extended parallels the changes in trap-assisted 

recombination, suggesting that SVA treatments mainly affect the presence of traps in 

O-IDTBR-rich regions. These PL quenching experiments indicate that photocurrents in 

actual BHJ solar cells could increase substantially if the All-SM active layer 

morphologies improved further. 
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Figure 5.8 Morphology analyses for DR3:O-IDTBR BHJ active layers subjected to 

various SVA exposure times: (a,d) as-cast film, (b,e) 30s (“optimized”) and (c,f) 600s. 

(a-c) Dark-field STEM images of the BHJ active layers. (d-f) Corresponding EELS maps 

depicting the phase-separation patterns between SM donor-rich (green) and 

nonfullerene acceptor-rich domains (red). Scale bars: 500 nm; Note: ca. 70-nm thick 

films were used for these analyses to improve spectral resolution and reduce domain 

overlap when projected through the film thickness. 
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Figure 5.9 AFM images (5x5 μm2) of (a,c,e,g,i,k) topography and (b,d,f,h,j,l) phase mode 

for DR3:O-IDTBR BHJ films subjected to varying SVA exposure times: (a,b) 0s (as-cast), 

root-mean-square (RMS) roughness: 0.92 nm; (c,d) 10s, RMS roughness: 1.55nm; (e,f) 

30s, RMS roughness: 1.12nm; (g,h) 60s, RMS roughness: 4.31 nm; (i,j) 240s, RMS 

roughness: 14.13 nm; (k,l) 600s, RMS roughness: 15.03nm. 
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In light of the PL quenching study, morphology-related parameters are likely to 

be affecting device operation in the All-SM devices prepared from active layers 

subjected to various SVA treatment times. In BHJ solar cells, morphological effects tend 

to prevail and can also critically influence carrier transport/recombination patterns and 

device efficiency figures. More specifically, in “nonfullerene” All-SM solar cells, one 

may also expect that both the length scale of phase separation between SM donor and 

acceptor counterparts, and their vertical distribution across the active layer can 

influence device performance; however, here we note that the number of reports 

detailing the morphologies of nonfullerene BHJ solar cells remains limited to date and 

the specific morphological issues inherent to All-SM devices have yet to be described in 

details. Having established fundamental differences in the carrier recombination 

patterns of DR3:O-IDTBR active layers treated via various SVA conditions, we now 

inspect the BHJ morphologies and possible correlations between the lengthscale of the 

donor-acceptor network and the distinct carrier recombination patterns obtained for 

some of these SVA conditions. Considering standard transmission electron microscopy 

(TEM) techniques, it should be noted that SM acceptor alternatives to the fullerene 

PCBM do not typically provide the sufficient contrast that would allow for a convincing 

examination of the phase separation between the donor and the acceptor components 

(in such films, heterogeneities observed by TEM may also result from the 

superimposition of domains and/or from film-thickness and roughness variations) and, 

therefore, supporting techniques such as a combination of electron energy-loss 

spectroscopy (EELS) and scanning TEM (STEM) (Figure 5.8) analyses should be used to 
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provide insights into the thin-film morphologies.126, 213-214 Figure 5.9 examines the film 

surface variations by atomic force microscopy (AFM), indicating that as-cast and 

“optimized” (30s) active layers are relatively smooth, with root-mean-square (RMS) 

roughness values <2 nm, whereas films subjected to a SVA exposure time of 600s 

exhibit RMS values >15 nm. STEM coupled with EELS analyses shown in Figure 5.8 

indicate that the donor-acceptor network are forming on various lengthscales. The 

EELS spectra pertaining to DR3 and to O-IDTBR (range: 2-10 eV) allow distinguishing 

between the SM donor and nonfullerene acceptor across the BHJ active layers. Note: 

ca. 70-nm thick films were used for these analyses to improve spectral resolution and 

reduce domain overlap when projected through the film thickness; for ca. 10-20 nm 

domain sizes, projections averaging is not expected to interfere with data 

interpretation. In the dark-field STEM mode, our EELS analyses provide a map of the 

SM donor- (green) and acceptor-rich (red) domains, as well as the lengthscales of the 

phase-separated domains (scale bars: 500 nm). In Figure 5.8d, small-sized SM donor- 

and acceptor-rich domains (up to ca. 50 nm) can be observed across the as-cast film. In 

Figure 5.8e, the “optimized” (30s) blend film shows a coarser network of SM donor- 

and acceptor-rich phases (up to ca. 70 nm), indicating that the solvent-annealing 

treatment effectively impacts the lengthscale of the donor-acceptor network formed. 

In Figure 5.8f, blend films exposed to an extended 600s-SVA time condition exhibit 

larger-sized SM donor and acceptor regions of ca. 800 nm and beyond. These large-size 

domains are conducive to the significantly lower photocurrent values31 and efficiency 

figures (Table 5.1) discussed earlier for devices subjected to the 600s-SVA 
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condition. While STEM-EELS indicates domain growth in both materials upon SVA 

treatment (which eventually limits PL quenching), the more pronounced changes to 

O-IDTBR quenching compared to DR3 imply that SVA treatments have a larger impact 

on domain purity in O-IDTBR than in DR3 (eliminating trap states within O-IDTBR-rich 

domains). Thus, charge collection is improved by balancing domain size and domain 

purity of O-IDTBR, both of which increase as SVA time extends. 

 

Figure 5.10 GIXS analyses for (a-c) neat films of the SM donor DR3, (d-f) neat films of 

the SM acceptor O-IDTBR, and (g-i) DR3:O-IDTBR BHJ active layers subjected to 

various SVA exposure times: (a,d,g) as-cast film, (b,e,h) 30s (“optimized”) and (c,f,i) 
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600s. The intensity scales are all identical. 

 

 

Figure 5.11 GIXS patterns for DR3:O-IDTBR BHJ films cast from CF subjected to varying 

SVA exposure times: (a) 0s (as-cast), (b) 10s, (c) 30s, (d) 40s, (e) 60s, (f) 120s, (g) 240s, 

and (h) 600s; (i) GIXS patterns for PEDOT:PSS layer. The scattering intensity is plotted on 

a logarithmic scale and normalized in each GIXS pattern. 

 

Circular integration 
In-plane 
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Figure 5.12 GIWAXS qxy-qz images of blend films subjected to varying SVA exposure 

times. 

Table 5.3 Molecule packing information for neat DR3, neat O-IDTBR and DR3:O-IDTBR 

BHJ films. 
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Material SVA 
time 

In-plane Out-of-plane 
Orientation 

alkyl (Å-1) π-π stack (Å-1) alkyl (Å-1) π-π stack (Å-1) 

Neat DR3 

0s  1.77 0.34  

Edge-on 30s  1.77 0.34  

600s  1.75 0.34  

Neat O-IDTBR 

0s 0.36   1.86 

Face-on 30s 0.37   1.87 

600s 0.45   1.93 

Blend 
DR3:O-IDTBR 

0s 0.36 1.77 0.34 1.80 DR3: edge-on 

O-IDTBR: 
face-on 30s 0.38 1.76 0.34 1.80 

600s 0.45 1.78 & 1.92 0.35 & 0.47 1.93 

DR3: edge-on 

O-IDTBR: 
anisotropic 

Scattering peak positions extracted from GIXS analyses. Peak position translates to d-spacing through the 

relationship d=2π/q. 

 

 

 

 

 

Table 5.4 Converted d-spacing from Table S8 for neat DR3, neat O-IDTBR and 

DR3:O-IDTBR BHJ films. 
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Material SVA 
time 

In-plane Out-of-plane 
Orientation 

alkyl (Å) π-π stack (Å) alkyl (Å) π-π stack (Å) 

Neat DR3 

0s  3.55 18.48  

Edge-on 30s  3.55 18.48  

600s  3.59 18.48  

Neat O-IDTBR 

0s 17.45   3.38 

Face-on 30s 16.98   3.36 

600s 13.96   3.26 

Blend 
DR3:O-IDTBR 

0s 17.45 3.55 18.48 3.49 DR3: edge-on 

O-IDTBR: 
face-on 30s 16.53 3.57 18.48 3.49 

600s 13.96 3.53 & 3.27 
17.95 & 

13.37 3.26 

DR3: edge-on 

O-IDTBR: 
anisotropic 

Scattering peak positions extracted from GIXS analyses. Peak position translates to d-spacing through the 

relationship d=2π/q. 

 

To determine the microstructural composition and degree of ordering of the 

SM donor- and acceptor-rich phases across the active layer, we turned to a systematic 

GIXS characterization132, 215 of the blend films subjected to the various aforementioned 

SVA exposure conditions. As shown in Figures 5.10, we first examined the effect of SVA 

on the two neat materials separately, allowing accurate assignment of scattering peaks 

in the blend film. The DR3 scattering pattern is dominated by alkyl peaks in the 

out-of-plane direction (at qz= 0.34, 0.68, 1.06 Å-1, Fig. 5.10a and Table 5.3-5.4), and a 
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π-π stacking peak in the in-plane direction (at qxy=1.77 Å-1). Those reflections show an 

edge-on packing structure with an alkyl distance of 18.5 Å and a π- π stacking distance 

of 3.55 Å. Solvent annealing for 30s and 600s gradually increases the scattering 

intensity of these peaks and slightly shifts the alkyl stacking peak to higher q values, 

indicating that material crystallinity increases, while the packing structure becomes 

more compact (Fig. 5.10b-c). Furthermore, the broad amorphous scattering resolves 

into well-defined scattering peaks after 600s of SVA, further supporting an increase in 

crystallinity. The O-IDTBR scattering pattern has an alkyl peak in the in-plane direction 

(at qxy=0.36 Å-1, corresponding distance= 17.5 Å) and a π-π stacking peak in the 

out-of-plane direction (at qz=1.86 Å-1, corresponding distance=3.38 Å), indicating a 

face-on packing structure. Annealing for 30s has a similar effect on O-IDTBR and on 

DR3, with an increase in scattering intensity and slightly closer alkyl packing. After 600s 

SVA, O-IDTBR undergoes a dramatic transition to a new crystalline packing structure 

with a lower alkyl and π-π stacking distance (14.0 Å and 3.26 Å, respectively), and a 

large number of scattering peaks. 

For blend films, GIXS data was collected from a larger set of SVA times, as 

shown in Figure 5.11-5.12. The blend film scattering appears to be an overlap of 

scattering from the neat DR3 and neat O-IDTBR counterparts, indicating that the two 

materials do not form a finely-mixed structure. Up to 60s SVA time, only small changes 

to the integrated scattering are observed (See Figure 5.11-5.12). After 120s there is an 

abrupt change in the O-IDTBR contribution that reflects the transition to a new crystal 

structure seen in the neat material. In addition, the O-IDTBR alkyl and π-π stack peaks 
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become anisotropic, indicating a lack of orientation in this component after prolonged 

SVA of the blend. These results are summarized in Table 5.3-5.4. As discussed earlier, 

our EELS analyses shown in Figure 5.8d-f show that a gradual coarsening occurs, tied to 

an increase in domain sizes with increasing SVA time. At the same time, the GIXS 

scattering intensity for the blend films does not change significantly between as-cast 

and 60s SVA films. This implies that the smaller domains in as-cast films and the larger 

post-60s SVA domains are comprised of material with largely the same degree of 

crystallinity. Any changes to device parameters up to 60s SVA are therefore likely not 

directly caused by changes in the SM packing. Interestingly, the sudden change of 

crystal structure seen in O-IDTBR between 60s and 120s SVA time correlates with an 

abrupt reduction in the PL quenching efficiency of O-IDTBR (discussed earlier from 

Figure 5.7). This result suggests that despite the higher crystallinity and closer packing 

structure, the large domain sizes of DR3 and O-IDTBR may inhibit exciton migration to 

material boundaries and/or exciton dissociation processes. 
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Figure 5.13 (a) MIS-CELIV-inferred hole mobility, (b) MIS-CELIV-inferred electron 

mobility, and (c) overview of the mobility data for DR3:O-IDTBR BHJ active layers 

subjected to various SVA exposure times with DMDS. (d) Superimposed 

experimentally determined device JSC (squares), transfer-matrix simulated JSC 

(assumptions: IQE= 65%; triangles), and simulated JSC (R= 0; circles) vs. active layer 

thickness for DR3:O-IDTBR BHJ solar cells. The simulation of the DR3:O-IDTBR BHJ 

devices for concurrent influence of (e) IQE and recombination rate constant k on 

device PCE (active layer thickness: 110nm), and concurrent influence of (f) active layer 

mobilities (here, µ= μn= μp) and k on device PCE (active layer thickness: 220nm). 
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Figure 5.14 Variation of experimentally determined device VOC (inverted triangles), FF 

(hexagonals) and PCE (diamonds) vs. active layer thickness for DR3:O-IDTBR BHJ 

devices. 

 

Figure 5.15 Concurrent influence of IQE and recombination rate constant (k) in terms of 

(a) VOC, (b) JSC, (c) FF, and (d) PCE on the performance figures of solution-processed 
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DR3:O-IDTBR single-cell BHJ devices with an active layer of 110nm, where the mobility is 

taken from earlier MIS-CELIV data provide earlier in Fig. 5.13. 

 

Figure 5.16 Concurrent influence of active layer mobilities (here, µ= μn= μp) and 

recombination rate constant (k) in terms of (a) VOC, (b) JSC, (c) FF, and (d) PCE on the 

figures of merit of solution-processed DR3:O-IDTBR single-cell BHJ devices, where the n 

and k value for the active layer are taken from optimized DR3:O-IDTBR films. The IQE is 

assumed as 90% with an active layer thickness of 220 nm for collecting >85% incident 

light, and the work-functions of the electrodes are set to be aligned with the ETL/HTL via 

“Ohmic contact”. 
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Given the significant changes in molecular packing occurring upon SVA 

treatments longer than 60s, carrier transport across the BHJ active layers subjected to 

various SVA exposure times may differ to a significant extent, in turn impacting BHJ 

solar cell performance. To estimate the carrier mobilities across the All-SM blends, we 

turned to “metal-insulator-semiconductor carrier extraction” measurements using 

linearly increasing voltage transients (MIS-CELIV; cf. experimental details in the 

SI).129-130, 216 The results of those analyses are provided in Figure 5.13a-c, inferred from 

the dark J-V characteristics (at room temperature) for BHJ active layers cast from the 

various aforementioned SVA conditions in hole-only MIS diodes 

(ITO/MgF2/DR3:O-IDTBR/MoO3/Ag) and electron-only MIS diodes 

(ITO/MgF2/DR3:O-IDTBR/DPO/Al). The thick layers of MgF2 (ca. 80 nm) deposited on 

ITO are intended to block a specific carrier type (holes or electrons) while only the 

oppositely-charged carrier is extracted and analyzed. Our analyses summarized in Fig. 

5.13a-c indicate that hole (μh) and electron (μe) mobilities for the neat films of DR3 

and O-IDTBR are 2.3 x 10-5 cm2 V-1 s-1 and 3.9 x 10-6 cm2 V-1 s-1, respectively. In 

“optimized” (30s) active layers, μh and μe values increase to ca. 4.6 x 10-5 cm2 V-1 s-1 

and 2.4 x 10-5 cm2 V-1 s-1 (values that remain relatively modest). Upon extending the 

SVA time to 600s, μh and μe further improve by one order of magnitude:  to ca. 3.1 x 

10-4 cm2 V-1 s-1 and 4.4 x 10-4 cm2 V-1 s-1, respectively. Considering all aforementioned 

SVA conditions, μh and μe are shown to be comparably balanced (Fig. 5.13c); 

nevertheless, the more modest EQE/IQE, severe geminate and non-geminate 

recombination, low PL quenching efficiencies, discussed earlier from Fig. 7.3-7.5 all 
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profoundly affect solar cell efficiency (outlined earlier in Table 5.1): PCEs of ca. 3.4% for 

as-cast devices vs. 6.4% for 30s-SVA-treated devices vs. <2% for 600s-SVA-treated 

devices. We also note that the rapidly growing characteristic XRD peak (see 600s-SVA 

condition) reflecting pronounced thin-film crystallinity in Fig. 5.12, and the low PL 

quenching (low exciton dissociation yields) in the acceptor-rich region (see as-cast 

condition) are the marks of inadequate (coarse) morphologies that can limit the device 

JSC; interpretation in agreement with the figures of merit outlined for as-cast and 

600s-SVA-treated BHJ solar cells in Table 5.1: low JSC values <8 and <2 mA/cm2, 

respectively. 

Thus far, our experimental device optimizations and systematic 

characterizations demonstrate that PCEs as high as 6.5% (avg. 6.1%) can be achieved 

with the All-SM DR3:O-IDTBR system; in earlier sections, we have also discussed the 

several parameters inherent to the DR3:O-IDTBR active layers that limit these 

efficiency figures. However, other device and morphology optimizations could arguably 

bring further performance improvements and, therefore, a determination of the 

practical efficiency limits for the All-SM DR3:O-IDTBR blend would provide important 

guidance for future work with this system. In general, examining BHJ device 

parameters (JSC, FF and PCE) and carrier recombination effects over various active layer 

thicknesses can help identify the handles for further BHJ solar cell efficiency 

improvements. Here, integrating spectral absorption input parameters obtained from 

transfer matrix modeling and the MIS-CELIV-inferred carrier mobilities determined 

from prior experiments, our device simulations for the DR3:O-IDTBR system shown in 
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Figure 5.13d and 5.14 provide the predicted variations in BHJ device performance with 

active layer thickness. The 1D drift-diffusion model used for those simulations accounts 

for carrier recombination effects, thus improving FF predictions from the simulated J-V 

curves compared with earlier models relying on a higher level of simplifying 

assumptions. The recombination rate constant k inferred as 2 x 10-12 cm3 s-1 was 

determined by inputting prior experimental values into the model (IQE, mobilities and 

krec) and by fitting iterations between the experimental and simulated J-V curves for 

optimized active layers (those for which the best experimental PCE is achieved).160, 204 

The model sets the recombination rate R as R = knp, where n and p represent the 

electron and hole densities; the optical generation efficiency was taken as 0.65 on the 

basis of our experimental IQE measurements. Figure 5.13d compares experimental JSC 

(square), simulated JSC (triangle; k = 4 x 10-12 cm3 s-1; IQE=65%) and JSC modeled in the 

absence of recombination effects and considering an IQE of 100% (circular; R = 0). 

While experimental (Fig. 5.13d) and simulated data agree well  for active layer 

thicknesses ranging from ca. 50-120 nm, the experimental JSC departs from the model 

for thicker devices (>100nm). Figure 5.14 providing the variations in FF and PCE with 

film thickness determined from actual BHJ devices with DR3:O-IDTBR (experimental 

data) shows that the substantial JSC losses predicted for device thicknesses >100nm 

parallel a gradual reduction in device FF. These concurrent losses in JSC and FF values 

for optically thick devices point to carrier recombination and/or extraction 

impediments that do not occur to the same extent in the thinner, optimized BHJ 

devices (30s). It is also worth noting from Figure 5.13d that thicker films that can 
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absorb more light are not expected to produce more photocurrent due to the 

moderate IQE of 65%, correlated with the experimental JSC. These results confirm that 

the trends for simulated JSC and experimental JSC for 50 to 120nm-thick devices are in 

good agreement. 

The moderate experimental FF and IQE of 50% and 65% in “optimized” 

DR3:O-IDTBR BHJ solar cells imply the occurence of carrier recombination and 

extraction limitations. In order to clarify the extent to which device efficiency would 

improve if the IQE could be raised (by, for example, suppressing recombination), 

additional simulations must be performed with emphasis on the examination of the 

relationships between IQE, k and PCE. The IQE of several state-of-the-art fullerene- and 

nonfullerene-based BHJ devices have been shown to top ca. 90% in recent studies, with 

negligible dependence on the electrical bias. The modeling data in Figures 5.13e and 

5.15 indicate that, with IQE and k values of 80% and 1 x 10-12 cm3 s-1, 

respectively, DR3:O-IDTBR BHJ devices would approach PCEs of 10% -in line with some 

of the recently reported work on high-efficiency “nonfullerene” BHJ solar cells.176, 201 If 

the IQE could be raised to >85% and if k could be concurrently suppressed to less than 

1 x 10-13 cm3 s-1, the PCEs would significantly improve to achievable values of 13%, with 

FF and JSC values >68% and >15 cm3 s-1, respectively. These results suggest that 

suppressing recombination and enhancing the IQE can significantly contribute to PCE 

improvements, even when μh and μe remain in the range 10-5-10-6 cm2 V-1 s-1. Since 

recent studies have also stressed that balanced carrier mobilities can be beneficial to 

device FF and PCEs, we further examined the competition between carrier 
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transport/collection vs. free carrier recombination; results presented in Figure 5.13f 

(input IQE: 90%, and active layer thickness: 220nm -absorbing over 85% incident light, 

also see Fig. 5.16). In the model, the work-functions of the metal electrodes are 

assumed to be aligned with the Fermi levels of the hole/electron transport layers (see 

experimental details in the SI). As shown in Figure 5.13f, a reduction of k to <10-13 cm3 

s-1 and a concurrent increase in charge mobility >10-4 cm2 V-1 s-1 would notably increase 

the FF and JSC, leading to predicted efficiencies of ca. 17% and stressing the relevance 

of the All-SM device approach (whereby both SM donor and acceptor absorb in the 

visible) to achieve high PCEs. Intuitively, one may think that concurrently reducing k 

and raising carrier mobilities would result in continuous BHJ solar cell performance 

improvements (note that k is independent of the mobility in our simulations because 

we do not use the Langevin recombination model). However, Figure 5.13f shows that 

when k <10-12 cm3 s-1, raising carrier mobilities beyond ca. 10-3 cm3 s-1 can be expected 

to gradually reduce the device VOC –predictions in agreement with several prior studies 

examining the dependence of the VOC on dark currents (although, here, we note that 

the detailed examination of those parameters via simulation are beyond the scope of 

this report). Overall, our device simulations indicate that “nonfullerene” All-SM solar 

cells (with visible absorbers) have the potential to outperform fullerene-based BHJ 

solar cells in terms of PCE values if (i) the IQE can be >80%, (ii) the recombination rate 

constant k is <10-12 cm3 s-1, and (iii) carrier mobilities can be raised to >10-4 cm2 V-1 s-1. 
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5.3 Conclusions 

In summary, our examinations demonstrate that the solvent vapor annealing 

(SVA) approach is particularly well suited to the optimization of BHJ solar cell 

morphology and efficiency for the “nonfullerene” All-SM system DR3:O-IDTBR. Using 

DMDS in the post-processing SVA treatment subjected to the BHJ active layers, we 

showed that the All-SM solar cells can achieve PCEs of up to ca. 6.5% (avg. 6.1%), with 

a VOC of 1.12V – one of the highest VOC obtained for All-SM devices to date (with a 

correspondingly low E loss of ca. 0.51 eV). Combining light intensity-dependence, TPC 

and TPV measurements, we showed that SVA treatments can induce significant 

performance improvements correlated to a reduction of non-geminate recombination 

across the BHJ active layer (seen from α values nearing 0.99, low 1.18 kT/q coefficients, 

and the better propensity for charge extraction at 1 sun). Importantly, in 

600s-SVA-treated devices (extended SVA time), we found that higher crystallinity 

results in notably increased carrier mobilities –estimated by MIS-CELIV at 10-4 cm2 V-1 

s-1 vs. 10-5 cm2 V-1 s-1 for optimized devices (30s-SVA condition) – whereas the impact of 

the coarser D/A phase separation observed by AFM, TEM and EELS analyses in STEM 

mode (SM-rich domains as large as ca. 800 nm) prevails and lowers BHJ solar cell PCEs. 

Thus, an important tradeoff exists between charge transport and domain size in All-SM 

devices subjected to SVA treatments. Lastly, correlating our experimental results and 

device simulations for the All-SM system DR3:O-IDTBR, it is critically important to note 
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that substantially higher BHJ solar cell efficiencies (>12%) could be achieved if the IQE 

and carrier mobilities of the active layer could be increased to >85% and >10-4 cm2 V-1 

s-1, respectively, while suppressing the recombination rate constant k to <10-12 cm3 s-1. 

Our work here highlights the intrinsically high VOC and practically achievable 

PCEs for nonfullerene “All-SM” solar cells. Since those figures have been met in 

polymer-fullerene BHJ solar cells in recent years, it can be expected that further 

morphological improvements in “nonfullerene” All-SM solar cells will leverage 

efficiencies approaching the predictions. 
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CChhaapptteerr  66                                                                                                             

Improving Carrier Mobility and Lifetimes in Solution-Processable 

Small-Molecule Ternary Solar Cells with Device Performance of 11% 

The addition of the third component into the binary systems is a practical 

approach to further expand the absorbing range to near IR (NIR) region, resulting in 

generating more current and thus enhancing the device PCE. In this chapter, we show 

that the ternary system for all SMs is also working if appropriate SM donor and 

acceptor are selected to be utilized in the ternary systems. The detailed synthetic 

routes, molecule characterization and supporting information of these related donors 

will be found in the following article: 

 

Liang, R.-Z.; Zhang, Y.; Savikhin, V.; Babics, M.; Kan, Z.; Lopatin, S.; Wehbe, N.; Liu, S.; 

Duan, T.; Toney, M. F.; Laquai, F.; Beaujuge, P. M.; “Higher Mobility and Carrier 

Lifetimes in Solution-Processable Small-Molecule Ternary Solar Cells with 11% 

Efficiency”, Submitted 

 

6.1 Research Motivation 

Solution-processable “All-Small-Molecule” (All-SM) BHJ solar cells consisting of 
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a SM donor and a “nonfullerene” SM acceptor counterpart are currently attracting 

significant attention96, 176, 180, 201-202, 217-218 for their prospects as alternatives to the 

more extensively studied polymer-fullerene BHJ solar cells. While polymer-based BHJ 

solar cells have been shown to reach PCEs >10%,15, 17, 103, 219-221 the synthesis of  

-conjugated polymers with specific optical gaps and little-to-no batch-to-batch 

variations remains a practical limitation in the scaling-up of high-efficiency 

polymer-fullerene BHJ devices.179, 222 In parallel, the narrow spectral absorption of 

fullerene acceptors (e.g. [6,6]-phenyl-C61 (or C71)-butyric acid methyl ester, namely 

PC61BM and PC71BM) falling in the short-wavelengths region (ca. 300-450 nm) 

inherently limits photonic absorption since most of the photon flux occurs in the visible 

range of the solar spectrum (>450 nm). In contrast, All-SM BHJ solar cells can involve 

two visible absorbers – i.e. π-extended SM donor and SM acceptor – thus, All-SM 

devices could in principle produce higher photocurrents and outperform their 

polymer-fullerene BHJ counterparts.153, 218, 223 SM systems are well-defined, 

monodispersed (in size and molecular weight), and scalable with batch-to-batch 

consistency. “Nonfullerene” SM acceptors add the benefit of being synthetically 

accessible in controlled purities, while these may also be readily produced on large 

scales. Nevertheless, reaching high PCE values with the All-SM device approach has 

remained challenging thus far, mainly because of (i) the morphological limitations that 

prevail in the absence of polymer (e.g. lack of control over domain sizes, crystallinity, 

amongst other important aspects) and (ii) the difficulty to raise and balance out carrier 

mobilities across the active layer.42, 179, 223-224 With the use of processing additives71, 81, 
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149, 173, 181, 195, 225 or post-processing solvent vapor annealing (SVA) techniques,23-24, 26, 152, 

176, 201 several recent reports have however shown that higher PCEs, rivaling those of 

polymer-fullerene BHJ solar cells (and beyond), can be in reach.23, 26, 179 All-SM solar 

cells must concurrently involve a suitable combination of SM donor and acceptor 

materials, addressing spectral complementarity and energy band-edge 

alignments.226-230 

If two-component (i.e. “binary”) BHJ solar cells have received more 

consideration for their ease of optimization, some recent studies have stressed the 

benefits of three-component (i.e. “ternary”) BHJ solar cells.187, 231-234 Some of the 

benefits described have included (i) complementary absorption profiles, (ii) efficient 

charge separation, and (iii) suppressed bimolecular recombination. Thus, several 

ternary polymer-based BHJ devices have been reported to outperform binary devices, 

reaching PCE values as high as 12%.235-236 Nonetheless, simultaneously improving the 

short-circuit current (JSC) and fill-factor (FF) of ternary BHJ solar cells is a difficult task 

because, in addition to the requirements for optical and electronic property matching, 

the three components must blend and form finely-mixed donor-acceptor networks 

with appropriate phase-separation lengthscales (ideally in the range 10-30 nm). 

Meanwhile, polymer mixing in ternary blends with two polymer donor components 

tends to be an uphill process due to the lack of entropic driving force and molecular 

interactions between polymer chains of distinct molecular structures.237 For these 

reasons, only a few instances of ternary solar cells have been shown to outperform 

their binary analogues.187, 232, 238 
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Figure 6.1. (a) Molecular structures of the SM donor DR3, the SM acceptor ICC6 and 

the fullerene acceptor PC71BM. (b) Solar irradiation spectrum (AM1.5 Global). (c) 

Normalized thin-film UV-vis absorption spectra of the neat constituents DR3, ICC6 and 

PC71BM. (d) PESA-estimated ionization potential (IP) and electron affinity (EA) for 

DR3, ICC6 and PC71BM. EA values inferred by subtracting IP and Eopt values (optical 

bandgaps estimated from the onset of the UV-vis absorption spectra (films)). 

 

In this report, we show that solution-processable SM solar cells made from the 

SM donor DR3TBDTT (DR3)90, the SM acceptor ICC6, and the fullerene acceptor 

PC71BM used as ternary constituent (Figure 6.1a), see their efficiency increase 

drastically from ca. 2% to figures as high as 10.8% when the active layer is subjected to 

a suitable post-processing SVA treatment. The DR3:ICC6:PC71BM ternary BHJ devices – 
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combining a high JSC of 16.8 mA cm-2 and FFs as high as 74% – outperform their binary 

BHJ device counterparts made with the DR3:ICC6 and DR3:PC71BM blend systems. The 

spectral complementarity of DR3 (low-bandgap SM donor), ICC6 (absorbing into the 

near-IR) and that of the ternary component PC71BM (absorbing into the UV and 

short-wavelength visible region) induce a continuum of absorption from 350-750 nm 

(Figure 6.1b and 6.1c; thin films). Our systematic device characterizations show that 

SVA protocols via the low-partial pressure solvent dimethyl disulfide (DMDS) sets a 

favorable ternary blend morphology vertically (analyzed by dynamic secondary ion 

mass spectrometry (D-SIMS)) and laterally (analyzed by electron energy-loss 

spectroscopy (EELS); domain sizes < 30 nm), with “optimum” active layer thicknesses of 

ca. 210 nm, and PCEs >8% being retained for thicker BHJ solar cells (250-500 nm). 

Light-intensity dependence measurements indicate that the ternary BHJ solar cells are 

nearly free of bimolecular recombination, and other concurrent analyses link improved 

device efficiencies in ternary blends to higher electron mobility (8.2 x 10-4 cm2 V-1 s-1), 

longer carrier lifetime (2.4 µs) and reduced geminate recombination patterns when 

compared with their binary BHJ solar cell counterparts. Optically thick (up to ca. 500 

nm) devices are shown to maintain PCEs >8%, and optimized DR3:ICC6:PC71BM solar 

cells demonstrate long-term stability for >1000 hrs, in 55%-humidity air environment. 

 

Table 6.1 Estimated IQE based on the measured photocurrent (Jph, in this particular case 

is under short-circuit condition) and maximum theoretical (JSC,Max, estimated by transfer 

matrix modeling). All current densities are in unit of mA cm-2. 



186 

 

 

 

 

BHJ Thickness JSC,Max Jph Cal. IQE (%) 

DR3:ICC6:PC71BM 210 17.405 16.3 93.7 

 

 

Figure 6.2. (a) Characteristic J-V curves, (b) EQE spectra, and (c) IQE values for binary 

and ternary BHJ solar cells made with DR3, ICC6 and PC71BM using different D:A:A 

ratio. (d) Jph vs. Veffective for the binary and ternary “optimized” BHJ solar cells 

(processing conditions detailed in Table 8.2); AM1.5G solar illumination (100 mW/cm2). 

Integrated EQEs are in agreement (± 0.8 mA/cm2) with the JSC values reported in Table 

6.2 and Fig. 6.3. 
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Figure 6.3 Integrated photocurrent for optimized binary and ternary BHJ devices made 

from DR3, ICC6 and PC71BM (processing conditions detailed in Table 6.2) made from 

different D/A ratios. 

 

6.2 Results and Discussions 

The normalized thin-film UV-Vis absorption spectra of the neat DR3, ICC6 and 

PC71BM components are superimposed in Figure 6.1c (molecular structures shown in 

Fig. 6.1a). The presence of distinct spectral features with different relative peak 

intensities in the thin-film spectra suggest that both DR3 and ICC6 are prone to 

aggregate. The pronounced absorption band in the UV-Vis spectrum of DR3 ranges 

from ca. 500 to 650 nm, thus complementing well the spectral footprints of the 

acceptor components ICC6 (main absorption: 600-730 nm) and PC71BM. Figure 6.1d 
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gives a schematic representation of the energy level diagram (band-edges) expected 

for the neat constituents DR3, ICC6 and PC71BM. The optical bandgaps (Eopt) are 

inferred from the onset of the thin-film UV-vis absorption spectra: ca. 1.71 eV for DR3, 

ca. 1.64 eV for ICC6, and ca. 1.81 eV for PC71BM. The ionization potentials (IPs) of DR3, 

ICC6 and PC71BM were determined via photoelectron spectroscopy in air: 5.11 eV for 

DR3, 5.82 eV for ICC6 and 5.91 eV for PC71BM; inferred by subtracting IP and Eopt 

values, the extrapolated electron affinity (EA) values would be 3.4 eV for DR3, 4.18 eV 

for ICC6 and 4.1 eV for PC71BM. 

Thin-film BHJ solar cells were fabricated with the conventional structure 

ITO/PEDOT:PSS/DR3:ICC6:PC71BM/DPO/Al (device area: 0.1 cm2; DPO: interfacial layer 

phenyl(2-naphthyl)diphenylphosphine oxide), and tested under simulated AM1.5G sun 

illumination (100 mW/cm2). Table 6.2 summarizes the figures of merit of optimized BHJ 

devices made from binary and ternary blends of DR3, ICC6 and PC71BM, with and 

without SVA treatment with DMDS. We note that SVA treatments with several 

low-partial pressure solvents such as dichloromethane (DCM), tetrahydrofuran (THF), 

carbon disulfide (CS2) and dimethyl disulfide (DMDS) have been shown to improve the 

blend morphologies of SM-fullerene23-24 and All-SM176, 201, 218, 223 BHJ solar cells in 

recent studies and, in turn, device PCEs. It is equally important to note, however, that 

morphological variations induced by solvents can also result in reduced performance 

figures and that the outcome of these tentative optimization steps remain SM 

system-dependent.97, 204, 223 
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First, we examined binary BHJ solar cells made with the DR3:ICC6 and 

DR3:PC71BM blend systems. As shown in Table 6.2, the “optimized” BHJ devices made 

from the DR3:PC71BM blend system (ratio: 1:1; wt/wt) subjected to SVA treatment (via 

DMDS, for 20s) yielded JSC values of 13.2 mA cm-2, an open-circuit voltage (VOC) of 0.86 

V, and FFs of 72%, resulting in average PCEs of 8.2%. For BHJ devices made from the 

DR3:ICC6 blend system (ratio: 1:1; wt/wt), our SVA optimizations (via DMDS, for 60s) 

led to average PCEs of 8.4%, higher JSC values of 15.2 mA cm-2, a VOC of 0.85 V and 

slightly lower FFs of 64%. Here, it is worth noting that PCEs obtained for “optimized” 

DR3:ICC6 were nearly 4 times greater than those for “as-cast” devices: PCEs of 2.2%, 

with significantly lower JSC values of 6.9 mA cm-2, a VOC of 0.89 V, and FFs as low as 

34%. 

 

 

 

 

Figure 6.4 (a) JSC vs. light intensity, (b) VOC vs. light intensity, and (c) charge carrier 
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lifetime τ vs. charge density; carrier densities determined from charge-extraction (CE) 

measurements. (d) Non-geminate recombination rate constant krec, extracted from τ 

and charge density, as a function of n. J−V characteristics (left scale) compared to the 

total charge Qtot measured by TDCF using a fluence of 0.1 μJ cm-2 at varying pre-biases 

(right scale) for DR3:ICC6:PC71BM devices with a D:A:A ratio of (e) 1:1:0, (f) 1:1:0.4, 

and (g) 1:0:1. Qtot is scaled to match the current under illumination at a bias of −1 V; 

arrows show geminate and non-geminate losses at short-circuit and at the maximum 

power point (see the assignment of the arrows and the corresponding loss currents). 

(h) Normalized Qtot vs. V; all Qtot data are normalized to the point at -1 V, and the 

right scale provide the percentage of photogenerated carriers loss resulted from 

geminate recombination at JSC (0 V) relative to that at -1 V. 

 

 

Table 6.2 PV Performance of the SM Binary and Ternary Blends in Direct BHJ Devices.a 

DR3:ICC6:PC71

BM 

Blend Ratio 

(wt/wt)b 

DMDS 

SVA Time 

(s) 

JSC 

[mA cm-2] 

VOC 

[V] 

FF 

[%] 

Avg. 

PCEc 

[%] 

Max. PCE 

[%] 

1:1:0 60d 15.2 0.87 64 8.4 8.7 

1:1:0.4 0 6.9 0.89 34 2.2 2.5 

 60e 16.3 0.87 72 10.4 10.8 
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 1200 11.2 0.85 63 6 6.4 

1:1:0.7 60 16.4 0.86 70 10 10.3 

1:1:1 60 16.5 0.85 67 9.4 9.6 

1:1:2 60 14.1 0.81 60 6.9 7.2 

1:0:1 20f 13.2 0.88 72 8.2 8.8 

aAdditional device statistics are provided in the SI of the published paper. bDevices solution-cast from 

chloroform (CF). cAverage values across >10 devices (device area: 0.1 cm2). dOptimized device 

conditions; active layer thickness: 100-110nm. eOptimized device conditions; active layer thickness: 

200-215nm for all ternary device. fOptimized device conditions; active layer thickness: 90-100nm. 

 

In consideration of the relevance of the SM donor DR3 for both ICC6- and 

PC71BM-based binary solar cells, we turned to an examination of the synergistic 

contributions of the three constituents in ternary BHJ devices for which the spectral 

complementarity of each component may be taken advantage of. As shown in Table 

6.2, ternary BHJ solar cells fabricated with the DR3:ICC6:PC71BM blend system (ratio: 

1:1:1, wt/wt; RPCBM=1) and subjected to SVA treatments were found to afford JSC 

values as high as 16.5 mA cm-2, a VOC of 0.85 V comparable to that of the binary 

devices, and FFs of 67%. From there, further optimizations were undertaken by varying 

the weight ratio of the DR3:ICC6:PC71BM blend system, until trends emerged on the 

influence of the respective amounts of the three components on the figures of merit of 

the ternary BHJ solar cells. It is by lowering the proportion of PC71BM with respect to 
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the other two components (ratio: 1:1:0.4; RPCBM=0.4) that higher FFs of 72% could be 

obtained for the ternary device, while maintaining comparably high JSC and FF values. 

As a result, Table 6.2 shows that PCEs can be raised to 10.8% (avg. 10.4%; 11% on 0.01 

cm2 device areas, see Fig. 6.12). With prolonged SVA treatment, these ternary devices 

(at “optimized” composition) showed an apparent decrease in JSC (11.3 mA cm-2) and 

FF (63%), leading to markedly lower PCEs of 6.4%; those effects have also been 

observed in several recent studies.102, 223 Current density-voltage (J-V) characteristics 

for the SM binary and ternary BHJ solar cells with various active layer compositions are 

shown in Figure 6.2a. Comparing the J-V curves of “as-cast” devices and those for 

“optimized” devices via post-processing SVA treatment with DMDS, it is evident that 

the JSC improves significantly upon SVA treatment. The external quantum efficiency 

(EQE) spectra of the optimized binary and ternary BHJ solar cells shown in Figure 6.2b 

confirm the trend observed from the J-V curves in Figure 6.2a. Figure 6.2b shows that 

the optimized DR3:ICC6 BHJ device leads to EQE values >60% in the wavelength range 

480-750 nm, reaching up to 71% at 690 nm. However, in the wavelength range 

380-480 nm, the EQE in range of 40-60% is more modest. On the other hand, the 

optimized DR3:PC71BM BHJ device shows relatively high EQE values of ca. 70% in the 

range 350-660 nm, reaching up to 76% at 540 nm. Comparing the two binary solar cells, 

the DR3:PC71BM device absorbs photons and contribute to the photocurrent more 

effectively than DR3:ICC6 device in the short-wavelength range 350-660 nm. Looking at 

the ternary device (red curve, Fig. 6.2b), adding PC71BM (RPCBM=0.4) to the DR3:ICC6 

blend system improves the overall EQE by an average of +10% (in percentage points) at 
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the following key wavelengths: 380nm, from 42% to 52%; 560nm, from 66% to 76%. A 

maximum EQE value of 80% at 710 nm is attained for the ternary DR3:ICC6:PC71BM 

solar cells. Here, it is also worth noting from Figure 6.2 that higher proportions of 

PC71BM (e.g. RPCBM=2) can help raise the EQE in the short-wavelengths range 350–450 

nm, but that a significant, concomitant EQE reduction in the longer-wavelengths range 

450-760 nm results in lower overall EQE.  Higher EQEs for the ternary 

DR3:ICC6:PC71BM solar cells (RPCBM=0.4) correlate with larger integrated photocurrents 

(Figure 6.3), and these are consistent with the JSC values inferred from the J-V curves in 

Figure 6.2a. The dependence on the effective optical absorption of the active layer is 

removed in comparing the internal quantum efficiency (IQE) spectra of the binary and 

ternary BHJ solar cells shown in Figure 6.2c. The IQE spectra parallel the EQE, with IQE 

values >80% across the range 430-720 nm for the binary DR3:ICC6 device, and >90% in 

the range from 380-660 nm for the binary DR3:PC71BM device; the IQE of the 

“optimized” ternary DR3:ICC6:PC71BM solar cell reaches 90% in both the 430-600 nm 

and the 700-750 nm wavelengths ranges. The IQE for the “optimized” ternary BHJ 

system (D:A:A=1:1:0.4) averages ca. 92% across the 390-750 nm region, in agreement 

with IQEs estimated from the experimental JSC divided by the maximum theoretical JSC 

calculated by transfer matrix (Table 6.1) – an observation confirming the accuracy of 

our optical simulations. Overall, these IQE patterns suggest that most absorbed 

photons are conducive to free carrier generation and effective collection at the 

electrodes for these binary and PC71BM-containing ternary BHJ devices. 

The high EQE/IQE values reached by the ternary BHJ solar cell and the 
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correspondingly high FFs suggest that charge collection is particularly efficient. To 

probe and confirm this hypothesis, we analyzed the evolution of photocurrent density 

(Jph) with effective voltage (Veff) for the optimized BHJ devices; results shown in Figure 

6.2d and 6.5. Here, Jph is defined as: Jph = JL - JD, where JL and JD represent the 

photocurrent densities under light illumination and in the dark, respectively. Veff is 

given by: Veff = V0 - Vapp, where V0 is the compensation voltage when Jph = 0 V, and Vapp 

is the applied voltage. Both binary DR3:ICC6 and DR3:PC71BM devices show 

non-field-depend behavior within the Veff range of 0-8V, suggesting that 

photogenerated charges in the device can be efficiently collected. Turning to the 

ternary DR3:ICC6:PC71BM system, the characteristic photocurrent of optimized BHJ 

devices (RPCBM=0.4) lies above that of the binary cells, while the saturation regime is 

rapidly reached and does not show any field-dependence behavior either. However, 

from Figure 6.5, it is worth noting that ternary devices with higher PC71BM proportions 

(RPCBM=2) show non-negligible field-dependent characteristics across the full Veff range 

(0-8V) – an observation synonymous of incomplete charge collection. These results 

suggest that charges can be relatively efficiently separated and extracted in optimized 

binary and ternary BHJ devices, while non-optimized ternary BHJs (e.g. 

DR3:ICC6:PC71BM=1:1:2; RPCBM=2) remain hindered by relatively poor extraction. 
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Figure 6.5 Photocurrent vs. effective applied voltage (V0-Vapp) for optimized binary and 

ternary BHJ devices made from DR3, ICC6 and PC71BM. Photocurrent densities are 

obtained from subtracting device current densities under illumination and in the dark; 

Veffective is obtained from subtracting the compensation voltage (voltage at Jph= 0) and 

the applied bias. The optimized conditions are described in Table 6.2. 
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Figure 6.6. Light-intensity dependence analyses for binary and ternary BHJ devices made 

from DR3, ICC6 and PC71BM with different D/A ratios. (a) Charge carrier lifetime τ, 

determined from the TPV analysis performed under open-circuit condition, and plotted 

as a function of light intensity. (b) Charge carrier lifetime τ vs. charge density; carrier 

densities determined from charge-extraction (CE) measurements. (c) Charge carrier 

lifetime τ vs. charge density, with fitting. (d) Non-geminate recombination rate constant 

krec, extracted from τ and n, as a function of n. The light intensity is given in sun 

equivalent. 

 

While both binary and ternary configurations perform well, the FF and JSC 

differences observed suggest that incident photon-to-current conversion may not be 
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the only important factor, and that carrier recombination may represent a 

non-negligible loss channel. Bimolecular carrier recombination can be characterized via 

light-intensity dependence measurements, examining JSC inferred from J-V curves as a 

function of light intensity (Fig. 6.4). In those experiments, a white-light LED (200 

mW/cm2; spectral mismatch accounted for) is used to reproduce the JSC values 

normally obtained under standard AM1.5G solar illumination (100 mW/cm2). In 

general, the relationship between JSC and incident light intensity can be described as: 

JSC ∝ Iα, whereby α = 1 suggests that all dissociated free carriers are swept out prior 

to recombination and α < 1 implies a dependence of JSC on bimolecular recombination 

(i.e. most carriers are extracted prior to recombining). From the JSC vs. light intensity 

data reported in Figure 6.4a, the fits yield α values of >0.98 for all binary and ternary 

BHJ solar cells –suggesting that none of these devices suffer from a significant extent of 

bimolecular recombination losses under short-circuit conditions. Nevertheless, Figure 

6.4b examining the variation of VOC vs. light intensity points to the existence of carrier 

traps across the active layers; with deviations from the linear relationship 𝛿𝛿VOC = nkT/q 

(trap-free condition) reflecting trap-assisted recombination. In the nonfullerene 

DR3:ICC6 device (RPCBM=0), the n value of 1.12 indicates that the DR3:ICC6 system does 

not notably suffer from trap-assisted recombination, whereas trap-induced 

recombination occurs to a significant extent in the DR3:PC71BM device (n=1.5). In 

ternary DR3:ICC6:PC71BM solar cells, the incorporation of PC71BM only slightly 

increases n to 1.2 for the “optimized” device (RPCBM=0.4), but n further increases to 

1.41 with higher PC71BM proportions (RPCBM=2), indicating that trap-induced 
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recombination is intimately linked to the presence of PC71BM. These findings imply 

that the incorporation of PC71BM helps suppress bimolecular recombination (relative 

to the binary DR3:ICC6 blend system), but that it can also induce additional 

trap-assisted recombination centers, thus pointing to an apparent trade-off in this case. 

With the inclusion of PC71BM, ternary DR3:ICC6:PC71BM devices harvest incident light 

effectively over a broader range of wavelengths, thus generate more photocurrent 

overall, in agreement with the device performance metrics and EQE data summarized 

in Figure 6.1 and Table 6.2. 

Further insights into charge recombination across the BHJ active layers can be 

inferred from transient photovoltage (TPV) measurements. Carrier lifetimes (τ) under 

open-circuit condition were extracted from the TPV decay dynamics using 

mono-exponential fits for a wide range of illumination intensities (2-100% of max. LED 

intensity), in consistency with prior studies.212, 239 Figure 6.6 shows that the “optimized” 

ternary DR3:ICC6:PC71BM device (RPCBM=0.4) exhibits τ values of 2.4 µs at 1 sun 

–lifetimes that are significantly higher than those of the binary device counterparts: 1 

µs for the DR3:ICC6 system and 1.54 µs for DR3:PC71BM. Here, we note that, in 

comparing τ values, it is important to estimate in parallel the corresponding charge 

densities. To this end, charge-extraction (CE) measurements were performed (on the 

same devices) at various illumination intensities, and the charge densities were 

obtained from these measurements. Figures 6.4c depict the evolution of τ with the 

extent of carrier densities for the optimized binary and ternary BHJ solar cells. Across 

various light intensities, the “optimized” ternary DR3:ICC6:PC71BM solar cell (RPCBM=0.4, 
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red square) exhibits longer lifetimes for all charge density values, and higher charge 

densities overall compared to the binary DR3:ICC6 and DR3:PC71BM devices. These 

findings may stem from more efficient exciton dissociation, as described in prior 

studies.212 The longer τ and higher charge densities for the optimized ternary BHJ 

device compared to the binary devices could also reflect lower carrier recombination 

rates. The non-geminate recombination rate constants krec were then inferred from 

the lifetime values and carrier densities according to krec=1/(λ+1)nτ, where λ is the 

recombination order determined from the analyses presented in Figure 6.6. As shown 

in Figure 6.4d, all the BHJ systems fall within the low krec range of 3-9 x 10-12 cm3 s-1 at 

all given charge densities, but the krec for “optimized” ternary DR3:ICC6:PC71BM solar 

cells (RPCBM=0.4) are shown to be the lowest of all device conditions. Overall, these 

results and empirical observations suggest that non-geminate recombination losses 

occur in a negligible extent for both binary and ternary BHJ solar cells, but the longer 

carrier lifetimes for the ternary DR3:ICC6:PC71BM can be expected to favor charge 

extraction, thus raising the FF and JSC of the corresponding solar cells, as seen in Table 

6.2. 
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Figure 6.7 Photoluminescence (PL) quenching for neat DR3 and ICC6 films and for BHJ 

thin films made from different DR3:ICC6:PC71BM ratios: (a) Excitation of the DR3-rich 

regions (590 nm); (b) excitation of the ICC6-rich regions (700 nm). 

 

Adding to the non-geminate recombination loss channel discussed above, 

geminate losses and, in particular the efficiency of exciton diffusion/dissociation at the 

donor-acceptor interfaces between SM donor- and SM acceptor-rich domains, can also 

notably influence the FF in the binary and ternary blend systems. To probe this, we 

turned to an examination of the BHJ active layers in a set of photoluminescence (PL) 

quenching experiments. Since the visible absorption and PL spectra of the SM donor 

DR3 and the nonfullerene SM acceptor ICC6 lie in regions of distinct wavelengths 

(Figure 6.7), the donor and acceptor components can be individually excited at 

different wavelengths (Fig. 6.7; 590 nm and 700 nm, respectively). As illustrated in 

Figure 6.7, considering the excitation of the DR3-rich domains, the PL quenching 

efficiencies of the binary BHJ active layers in the presence of the nonfullerene SM 
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acceptor ICC6 or the fullerene PC71BM are >95% and >92%, respectively; in the ternary 

BHJ involving both ICC6 and PC71BM the quenching efficiencies are even higher: >98%. 

Probing the SM acceptor-rich domains, the PL quenching efficiencies of the binary 

DR3:ICC6 system remain >90%, >90% for the binary DR3:PC71BM system and >85% for 

the ternary blend. These observations suggest that exciton diffusion and charge 

transfer at the donor-acceptor interfaces occur relatively effectively within the SM 

donor-rich domains, but that these processes are not as effective within SM 

acceptor-rich regions. Here, it is also worth noting that the PL quenching efficiencies 

drop to 80% as the proportion of PC71BM is increased in the 

ternary DR3:ICC6:PC71BM solar cell (RPCBM=2), indicating that excessive inclusions 

of PC71BM within the active layer can be detrimental to exciton diffusion and charge 

transfer within SM acceptor-rich regions. This effect inherent to the SM acceptor-rich 

domains may originate from the apparent energy level offsets between ICC6 and 

PC71BM (Figure 6.1d), given that the PL quenching efficiencies within DR3-rich domains 

remain >95%. In turn, the PL quenching experiments indicate that, in general, the 

binary and ternary systems are governed by efficient exciton diffusion and charge 

transfer processes, but that the proportion of PC71BM used in the 

ternary DR3:ICC6:PC71BM blend systems should remain under a certain threshold to 

avoid increasing geminate losses from SM acceptor-rich domains in actual BHJ solar 

cells. 

Based on our prior analyses of the extent of non-geminate recombination in the 

binary and ternary solar cells, the FF differences noted when comparing the binary 
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DR3:ICC6 system and its ternary DR3:ICC6:PC71BM counterpart cannot be well 

explained thus far. Charge carrier loss may occur during free carrier generation, and 

time-delayed collection field (TDCF) measurements can be used to probe the efficiency 

for free-carrier formation and recombination in the active layers. In this measurement, 

charges are generated with a nanosecond laser pulse (excitation wavelength: 532nm) 

at various voltages (pre-bias, Vpre) in a working device. After a 10 ns delay time, a 

constant reverse-collection bias (Vcol) of -4 V is applied to extract all laser-generated 

charges which did not undergo recombination or which had not been extracted during 

the given delay time. The pulse fluence was varied from 0.03 to 1.73 μ cm-2 in order to 

determine the regime where non-geminate recombination is negligible (i.e. the fluence 

linearly follows the collected charges). The integration over the transient currents 

produced during the Vpre and Vcol yields the total charge (Qtot). In Figure 6.4e, the 

binary DR3:ICC6 device shows an obvious field-dependent behavior across the whole 

range of Vpre, accounting for ca. 1.9 mA cm-2 and 3.3 mA cm-2 current losses by 

geminate recombination (JGEM) at V=0 and at the maximum power point (VMPP), 

respectively (estimates relative to the current at -1 V). Figure 6.4g shows that the field 

dependence for the binary DR3:PC71BM solar cell is not as pronounced at short-circuit 

and VMPP, suggesting that geminate recombination losses in the PC71BM-based binary 

device are not as prominent as those in the ICC6-based device. Turning to the ternary 

device in Figure 6.4f, the plot of Qtot values “follows” the J-V curve at JSC and VMPP, 

being near field-independent, thus confirming that ternary BHJ solar cells do not suffer 

any notable current losses by geminate recombination (<0.2 mA cm-2). To quantify the 
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relative geminate current loss for all BHJ systems, the Qtot data was normalized to the 

point at -1 V and the percentages of geminate loss in each BHJ system are the relative 

values inferred with respect to those at -1 V. As illustrated in Figure 6.4h, the binary 

DR3:ICC6 device suffers ca. 10% geminate loss at JSC, whereas geminate loss at JSC for 

the binary DR3:PC71BM and ternary DR3:ICC6:PC71BM devices are found to represent 

less than 6% and 1%, respectively. Similarly at VMPP, the JGEM losses for the DR3:ICC6, 

DR3:PC71BM and DR3:ICC6:PC71BM blend systems represent 18%, 5% and 1%, 

correspondingly. In parallel, the non-geminate current losses (JNONGEM) for all three 

blend systems increase from <2% at 0 V to >15% at VMPP; observations indicative of the 

non-geminate losses rising at VMPP. Overall, the TDCF examinations point out that 

DR3:ICC6 solar cells suffer non-negligible geminate recombination on going from 

short-circuit condition to VMPP, in contrast with what is seen for 

ternary DR3:ICC6:PC71BM solar cells, suggesting that the relatively low FF of 

ICC6-based binary devices can be attributed to the increase in JGEM. In parallel, both the 

binary and ternary blend systems show very low JNONGEM losses at JSC condition, in 

agreement with the high α >0.98 (i.e. low bimolecular recombination at JSC) discussed 

earlier from the light-intensity dependence study (Fig. 6.4a). Meanwhile, increasing 

JNONGEM losses at VMPP (near VOC condition) are observed from both binary and ternary 

blends, which is also in line with the trap-assisted recombination losses described in 

earlier sections (Fig. 6.4b). 

A number of recent studies have emphasized how morphological effects can 

critically influence carrier transport/recombination patterns and, in turn, BHJ solar cell 
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performance.71, 149, 240 Likewise, in ternary BHJs, both the lengthscale and the vertical 

distribution of donor and acceptor domains may influence device efficiency; although, 

here we note that the study of morphology-performance relationships in 

small-molecule ternary solar cells remains a complex case study, mainly due to the 

limitations of direct imaging in the characterization of multiple-component domains 

within the BHJ active layer. Having established fundamental differences in the carrier 

recombination patterns of the ternary DR3:ICC6:PC71BM devices, we now inspect the 

BHJ morphologies and possible correlations between the donor-acceptor network and 

carrier transport/recombination within the ternary active layers, more specifically. 
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Figure 6.8 Morphology analyses for the ternary DR3:ICC6:PC71BM blend system with 

the following ratios: (a-e) 1:1:0.4 (“optimized” condition), (f-j) 1:1:2 (identical SVA 

treatment), and (k-o) 1:1:0.4, SVA treatment extended to 1200s. (a,f,k) Dark-field 

STEM images of the “optimized” ternary BHJ active layer. (b,g,l) Corresponding EELS 

maps depicting the phase-separation patterns between SM donor-rich (DR3, green) 

domains, the “nonfullerene” SM acceptor-rich domains (ICC6, red), and the fullerene 

acceptor-rich domains (PC71BM, blue); other EELS maps: (c,h,l) ICC6, (d,I,n) PC71BM, 

and (e,j,o) DR3 in the ternary BHJs. Scale bars: 500 nm. (p) D-SIMS profiles for the 
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“optimized” ternary BHJ active layer (cf. experimental details in the SI; active layers 

cast on PEDOT:PSS-coated Si wafer). (q,r) Transient JSC (normalized) in response to a 

200 µs white light (LED) pulse for the ternary BHJ solar cells made from the following 

blend ratio: (q) 1:1:0.4 (“optimized” condition) and (r) 1:1:2 (identical SVA treatment); 

the legend in (q) provides the various light intensities (in equivalent sun). The red 

arrows emphasize the dependence of JSC as a function of time (after pulse excitation) 

and light intensities. 

 

Turning to transmission electron microscopy (TEM) techniques, it should be 

noted that SM acceptor alternatives to the fullerene PC71BM, such as ICC6, do not 

typically provide comparable contrast in the examination of the phase-separated 

network between donor and acceptor components by transmission (in such films, 

heterogeneities observed by TEM may also result from the superposition of domains 

and from film-thickness variations and roughness) and, therefore, supporting 

techniques such as a combination of electron energy-loss spectroscopy (EELS) and 

scanning TEM (STEM) (Figure 6.8a-6.8j) analyses may provide a more elaborate picture 

of the actual thin-film morphologies for more complex systems such as ternary 

blends.126, 214, 218 Figure 6.8 shows the outcome of our EELS-coupled STEM analyses and 

indicates that donor (DR3) and acceptor (ICC6, PC71BM) counterparts are forming 

networks on various scales. The energy loss spectra pertaining to DR3, ICC6 and to 

PC71BM (range: 2-35 eV) are allowed to distinguish between SM donor, the 
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nonfullerene and the fullerene acceptors within the BHJs. In the dark-field STEM mode, 

our EELS analyses (Fig. 6.8) reflect the existence of a relatively “fine-scale” 

phase-separated network for all “optimized” binary and ternary blend systems; Green: 

SM donor-rich (DR3) domains, Red: SM acceptor-rich (ICC6) domains, Blue: 

fullerene-rich (PC71BM) domains (scale bars: 500 nm). As shown in Figure 6.8i, adding 

higher proportions of PC71BM into the ternary blend increases the density of 

fullerene-rich domains and, as seen in Figure 6.8j, seemingly reduces the density of 

ICC6-rich domains. Here, we note that the densities of DR3-rich domains depicted in 

Figure 6.8j remain equivalent to that depicted in Figure 6.8e. These ternary 

morphologies with distinct PC71BM proportions (RPCBM=0.4 and 2) reflect a fine mixing 

between the SM components within the BHJs; observing how donor-acceptor domain 

distribution and sizes evolve upon extended SVA treatment is of parallel, equal interest. 

As shown in Figures 6.8k-o, the ternary blend system subjected to SVA treatment for 

1200s shows significantly larger SM donor- and SM acceptor-rich domains with, again, 

a clear phase-separated network, confirming that the solvent-annealing protocol 

effectively impacts the length scale of the donor-acceptor network formed. In this case, 

the SM donor- and acceptor-rich domains attain sizes larger than ca. 100 nm. 

The vertical phase distribution of the donor and acceptor counterparts within 

the active layer is another important morphological parameter that can impact BHJ 

solar cell performance when fullerene acceptors are involved.241-242 To examine those 

effects in the ternary DR3:ICC6:PC71BM blend system, we turned to an analysis of the 

depth profiles of the BHJ thin films via dynamic secondary-ion mass spectrometry 
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(D-SIMS). Here, we note that, while the sulfur and oxygen elements are common in the 

SM donor DR3 and in the SM acceptor ICC6, the CN-group in ICC6 allows for a clear 

differentiation of the three components of the ternary blend. Looking at the BHJ thin 

films, the trace associated with the CN-group in Figure 6.8p indicates an even 

concentration of ICC6 across the active layer, and the same trend is observed by 

tracing the S-element contents (common to DR3 and ICC6). On the other hand, the 

reduction of the signature of the CN-group and the concomitant increase in S-element 

near the top surface of the active layer reflects a relative reduction in ICC6 content at 

the cathode interface where the donor DR3 accumulates. 

Further insights into morphology-related carrier effects and, in particular, on 

whether carrier traps affect charge transport in BHJ solar cells can be inferred from 

transient photocurrent (TPC) measurements.164 TPC experiments have previously been 

used to investigate the trapping and detrapping rates in polymer-fullerene,164 

“all-polymer”,164 “all-SM”218 and hybrid BHJ solar cells.189 Figures 6.8q-r examine the 

turn-on and turn-off dynamics of ternary BHJs (RPCBM=0.4 vs. RPCBM=2) using long light 

pulse excitations (200 µs), allowing the current density to reach the steady-state 

conditions comparable to those used for the light intensity dependence analysis 

previously discussed (Fig. 6.4). For the ternary DR3:ICC6:PC71BM blend system, the 

turn-on and turn-off dynamics are fast and varying the light intensity results in 

negligible changes in the current response. At 1 sun condition, the rise/fall time 

(defined as the time taken to go from 10% to 90% of the response) to reach steady 

states is 35 µs for the “optimized” ternary BHJ (RPCBM=0.4). Considering ternary BHJs 
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with higher PC71BM proportions (RPCBM=2), the rise/fall time is >80 µs to reach current 

steady state (Fig. 6.8r) and the current response shows an apparent transient peak, 

implying that carrier trapping/detrapping effects take place to a non-negligible extent. 

 

 

 

 

 

 

 

 

 

 

 

 



210 

 

 

 

 

 

Figure 6.9 GIWAXS analyses relative to the following neat films and blend systems 

(given by D:A:A ratio): (a) 1:0:0  neat DR3, (b) 0:1:0  neat ICC6, (c) 1:1:0  binary 

DR3:ICC6 system, (d) 1:0:1  binary DR3:PC71BM system, (e) 1:1:0.4   
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“optimized” ternary DR3:ICC6:PC71BM system, and (f) 1:1:1   ternary 

DR3:ICC6:PC71BM system. (g) Relative degree of crystallinity (rDOC) of DR3 and ICC6 

in “optimized” binary and ternary BHJs. (h) Intensity-weight average orientation of the 

alkyl peak for DR3 and ICC6 across neat and blend films. Here, 90° is “out-of-plane” 

(edge-on for alkyl peak) and 0° is “in-plane” (face-on for alkyl peak). 

 

To determine the microstructural composition and degree of ordering of the 

SM donor- and acceptor-rich phases across the BHJ active layers, we turned to a 

systematic study of the thin films by Grazing Incident Wide Angle X-Ray Scattering 

(GIWAXS).132, 215, 243-244 As shown in Figure 6.9a, the DR3 scattering pattern is 

dominated by alkyl peaks in the “out-of-plane” direction (at qz= 0.34, 0.68, 1.06 Å-1, 

Fig. 6.9a) and a π-π stacking peak in the “in- plane” direction (at qxy= 1.77 Å-1). These 

scattering characteristics reflect an edge-on packing structure with an alkyl distance of 

18.5 Å and a π- π stacking distance of 3.55 Å. The scattering pattern for the ICC6 

counterpart displayed in Figure 6.9b shows an alkyl peak in the “in-plane” direction (at 

qxy= 0.36 Å-1, corresponding distance= 17.5 Å) and a π-π stacking peak in the 

“out-of-plane” direction (at qz= 1.87 Å-1, corresponding distance= 3.36 Å), indicating a 

distinct face-on packing motif. Knowing these intrinsic packing characteristics for each 

component, we examined the GIWAXS patterns for the binary blend systems. In 

Figures 6.9c-d, the optimized DR3:ICC6 film maintains the π-π stacking peak (edge-on) 

belonging to DR3, while the face-on feature that pertains to ICC6 becomes edge-on; for 
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the DR3:PC71BM film, meanwhile, the alkyl peak smeared into the arc shape indicates 

an absence of orientation in the presence of PC71BM (showing for q values of 1.4 Å-1). 

These findings suggest that DR3 maintains a relatively ordered packing motif after the 

insertion of the ICC6 counterpart, and this crystallinity feature is also present but less 

prevalent across the DR3:PC71BM film. Based on these observed scattering features, 

we then turned to the ternary blend system. As shown in Figure 6.9e, the alkyl packing 

evolves from an isotropic to an anisotropic pattern, and the edge-on peak intensity at 

(qxy= 1.77 Å-1) is reduced in the 1:1:0.4 film compared with that in the 1:1:0 film. With 

more addition of PC71BM (RPCBM=1, Fig. 6.9f), the orientation of DR3 becomes closer to 

45°, suggesting that the insertion of excessive PC71BM induces more isotropic pattern 

in the ternary films. 

We confirmed these qualitative observations with a quantitative analysis of 

degree of crystallinity and orientation of each component, starting by normalizing the 

data for irradiation intensity and irradiated volume (length and thickness). Due to the 

different alkyl stacking distances of DR3 and ICC6, the crystallinity (proportional to alkyl 

peak intensity) and orientation of each material can be tracked separately using 

background-corrected peak fitting. Details of our robust data processing methods are 

given in the SI. To compare relative degree of crystallinity (rDOC) between different 

blend ratios, we normalized each peak intensity by the quantity of material in each film 

(i.e., divided by ½ in the 1:0:1 device). As shown in Figure 6.9g, both the rDOC of DR3 

and that of ICC6 in the ternary system slightly increase with respect to the 

corresponding values in the neat and binary films. This indicates that a large proportion 



213 

 

 

 

 

of PC71BM does not disrupt the crystallinity of the other two components. On the 

other hand, the degree of aggregation of PC71BM decreases dramatically in the 1:1:1 

film. This may be due to surplus PC71BM entering amorphous DR3 and/or ICC6 regions, 

leaving crystallites unchanged. 

Figure 6.9h shows how orientation evolves in DR3 and ICC6. The π-π stacking 

direction is favorable to charge transport compared to the alkyl stacking direction, 

indicating that a face-on film is generally preferable for charge collection and higher 

JSC.26, 149, 179 Thus, measuring and controlling orientation is important in optimizing BHJ 

solar cells. From our data, neat ICC6 and neat DR3 are primarily face-on and edge-on, 

respectively, but both become more isotropic in the DR3:ICC6 blend system. As 

PC71BM is added, they continue to become more isotropic. Orientation of both 

components averages near 45° in the optimized device. While it is difficult to make a 

broad generalization of the relationship between JSC and orientation in this limited 

sample set, a couple of observations can be made: (i) that adding foreign materials 

makes both DR3 and ICC6 more isotropic; (ii) that there is potential to increase JSC even 

further through orientation control, such as by modifying sidechains. 
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Figure 6.10 (a) Hole (μh) and electron (μe) mobilities estimated by the SCLC model; 

measurements made from hole- and electron-only diodes with the binary and ternary 

BHJ active layers (data obtained for various film thicknesses is provided in Figures 

6.11). (b) Superimposed curves of experimentally determined device JSC (red, circles) 

and transfer-matrix simulated JSC (R= 0; black, squares) vs. active layer thickness for 

“optimized” ternary BHJ solar cells (RPCBM=0.4). (c) Experimentally determined device 

VOC (green, diamonds), FF (brown, right triangles) and PCE (blue, squares) vs. active 

layer thickness for the “optimized” ternary BHJ devices (RPCBM=0.4). (d,e,f) Shelf 

storage lifetime of the “optimized” ternary BHJ devices (RPCBM=0.4) stored under N2 

(dark) and in air (average humidity: 55%): (d) PCE and (e) JSC, VOC and FF over a 1,000 h 

experiment. (f) J-V curve of the “optimized” ternary BHJ solar cell for different device 

areas: here comparing data for 0.1 cm2 and 2.1 cm2 devices. 
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Figure 6.11 “Optimized” DR3:PC71BM BHJ solar cells with experimentally determined (a) 

PCE (blue, squares) vs. active layer thickness and (b) VOC (green, diamonds), FF (brown, 

right triangles) and JSC (red, circles) vs. active layer thickness. “Optimized” DR3:ICC6 BHJ 

solar cells with experimentally determined (a) PCE (blue, squares) vs. active layer 

thickness and (b) VOC (green, diamonds), FF (brown, right triangles) and JSC (red, circles) 

vs. active layer thickness.  
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Figure 6.12 Box chart of solar cell PCE vs. device area for “optimized” DR3:ICC6:PC71BM 

ternary solar cells; experimental conditions identical to those described for prior device 

preparation, testing and characterizations; see Table 6.2. 

 

While favorable morphologies can be conducive to high device FFs (here >60% 

in “optimized” ternary BHJs with RPCBM=0.4 and 2) and JSC values, persistent limitations 

on charge transport and collection (via carrier recombination effects) can hinder 

further figure of merit improvements in BHJ solar cells. To probe carrier transport in 

the binary and ternary BHJ thin films, we turned to space charge limited current (SCLC) 

mobility measurements, inferred from the dark current density-voltage characteristics 

(at room temperature) of the BHJ active layers in hole-only diodes 

(ITO/PEDOT:PSS/BHJ/MoO3/Ag) and electron-only diodes (ITO/ZnO/BHJ/Ca/Al). As 

summarized in Figure 6.10a, the zero-field hole mobility of the binary DR3:ICC6 blend 
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system reaches 2.5 x 10-4 cm2 V-1 s-1, which is nearly one order of magnitude higher 

than that in the fullerene-based DR3:PC71BM blend system (5.3 x 10-5 cm2 V-1 s-1) –an 

interesting observation that stresses the correlated impact of the acceptor counterpart 

on hole transport through the SM donor (DR3)-rich regions. Importantly, turning to the 

“optimized” ternary DR3:ICC6:PC71BM blend system (RPCBM=0.4), Figure 6.10a 

indicates that the hole mobility of the ternary blend rise to 3.5 x 10-4 cm2 V-1 s-1, a 

mobility value in line with that of the binary DR3:ICC6 blend system (higher than those 

of either binary systems).  On the other hand, effective electron mobility curves for 

the optimized binary and ternary BHJ active layers followed Poole-Frenkel-type 

mobility fits (electric-field activated) of the form 𝜇𝜇(𝐹𝐹) = 𝜇𝜇0exp (𝛾𝛾𝐹𝐹1/2), where μ0 is 

the zero-field mobility, γ is the Poole-Frenkel slope and F is the electric field. Also 

summarized in Figure 6.10a, the zero-field electron mobility of the binary DR3:ICC6 

and DR3:PC71BM blend systems are distinctly different: 1.7 x 10-6 cm2 V-1 s-1 vs. 4.6 x 

10-4 cm2 V-1 s-1, respectively –an important observation showing that the electron 

transport characteristics PC71BM prevail (two orders of magnitude higher than that of 

ICC6). Remarkably, turning to the ternary DR3:ICC6:PC71BM blend system (RPCBM=0.4), 

Figure 6.10a points to a significant rise of the electron mobility of the ternary blend 

from 1.7 x 10-6 cm2 V-1 s-1 (binary DR3:ICC6 system) to 8.2 x 10-4 cm2 V-1 s-1 (in line with 

that of the binary DR3:PC71BM blend system), thus nearing the key threshold mobility 

value of 10-3 cm2 V-1 s-1. Combining high hole and electron mobilities consistent with 

those of the DR3:ICC6 and DR3:PC71BM blend systems, respectively, and a balanced 

hole/electron mobility ratio, the “optimized” ternary BHJ solar cells concurrently show 
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high FFs (Table 6.2) and a favorable morphology (Fig. 6.8) –characteristics likely 

intertwined and conducive to the high PCEs of ca. 11% achievable with the 

DR3:ICC6:PC71BM blend system. 

The high FF, the relatively high and balanced hole/electron mobilities, and the 

low recombination losses in the ternary DR3:ICC6:PC71BM blend system are some 

important qualities that can, in principle, be amenable to the fabrication of thicker 

(>250 nm), more optically absorptive active-layer devices without significantly 

sacrificing solar cell performance. As stated earlier, the ability to produce 

high-efficiency, thicker active-layer devices is important for large-scale processing via 

roll-to-roll printing and blade-coating techniques. Using spectral absorption input 

parameters obtained from transfer matrix modeling (cf. modeling details and 

methodology provided in the SI), our device simulations for the “optimized” ternary 

DR3:ICC6:PC71BM blend system (1:1:0.4) shown in Figure 6.10b describe the expected 

JSC variations (black, squares) for BHJ devices with varying active layer thicknesses. The 

experimental JSC (red, circles) follows the trace of the simulated currents (black, 

squares) across the active layer thickness range 50-220nm (Fig. 6.10b). Remarkably, 

Figure 6.10b indicates that the experimental JSC is on a relatively constant, overall rise 

with increasing device thickness over the range 100-500 nm –a behavior that is not 

commonly seen in other BHJ blend systems, mainly because of the relatively modest 

(and sometimes unbalanced) carrier mobilities. In parallel, Figure 6.10c shows that the 

experimental PCEs for devices made in the range 40-500 nm increases from ~8% 

(90-100 nm) to ~11% for optically thick devices (205-220 nm), maintaining a high FF 
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>70%. Considering much thicker ternary devices (~500 nm), the FFs eventually drop to 

lower values of ~57% (Fig. 6.10c), yet the gradually increasing experimental JSC 

reaching ca. 18 mA cm-2 and the constant VOC yield experimental PCEs of ~9% (max.; 

avg. 8.4%). Here, we note that this result is all the more notable that only a few other 

blend systems (mainly polymer-based BHJ solar cells) have been reported to achieve 

high PCEs in optically thick devices.15, 219, 245-246 Further, SM-based BHJ solar cells 

commonly meet their “optimized” active layer condition in 80-100 nm thick devices, 

yet our findings stress that the “optimized” condition for the ternary DR3:ICC6:PC71BM 

blend system (1:1:0.4) is met for active layer thicknesses >200nm (no other precedent, 

to the best of our knowledge, based on prior published work on fullerene and 

nonfullerene SM-based BHJ ternary solar cells). 

Other key considerations for the broad applicability and commercialization of 

SM-based BHJ solar modules produced via high-throughput manufacturing techniques 

are (i) the ability to fabricate large-area modules by solution-processing, and (ii) the 

stability of the device made in air, or its resilience to oxidative conditions (e.g. ingress, 

etc.).187, 203 Figures 6.10d and 6.10e describe the evolution of the figures of merit of the 

“optimized” ternary BHJ solar cell fabricated with the DR3:ICC6:PC71BM blend system 

(1:1:0.4) and for which solution-processing and measurements were carried out under 

N2 (glove-box) vs. in air (average humidity: 55%) without further device encapsulation. 

For this stability experiment, multiple active layers were solution-cast, were 

subsequently coated with the interfacial layer DPO, and were left either in air (ambient 

conditions, in the dark) or under inert atmosphere (N2, glove-box, in the dark). Prior to 
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the J-V measurements, an Al electrode was evaporated on top of DPO. The results of 

this shelf stability experiment summarized in Figures 6.10d and 6.10e show that 

devices stored under N2 continue to perform with an average PCE of 9.5% over >1000 

hours, while devices kept under ambient conditions (average humidity: 55%) maintain 

PCEs >8% beyond 1000 hours. 

To examine the scalability aspects, the “optimized” ternary DR3:ICC6:PC71BM 

active layer was spun-cast onto ITO-coated substrates with notably larger device areas: 

~2.1 cm2 (DPO/Al layers were subsequently deposited; glove-box environment and 

other experimental conditions identical to those described for prior examinations. 

Figures 6.10f demonstrates that “optimized” ternary BHJ solar cells fabricated with the 

DR3:ICC6:PC71BM blend system (1:1:0.4) and involving a device area of ~2.1 cm2 also 

maintain high PCEs of up to ca. 9.5% (avg. 8.8%), with JSC and FFs of 15.6 mA cm-2 and 

68 %, respectively –results that confirm the excellent prospects of the 

DR3:ICC6:PC71BM blend system for large-scale, high-efficiency BHJ solar modules. 

 

6.3 Conclusions 

In summary, we showed that solution-processable, ternary BHJ solar cells with 

the SM donor DR3, the SM acceptor ICC6 and the fullerene acceptor PC71BM can reach 

PCEs nearing 11% (avg. 10.4%; 11% on 0.01 cm2 device areas, see Fig. 6.12) when 

active layer thicknesses are increased to >200nm. Our systematic device optimizations 

show that solar cell PCEs rise from ca. 2.2% (avg.) for “as-cast” devices to ca. 11% 
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(“optimized” condition; thickness: ca. 210 nm) as the active layer is subjected to a 

post-processing SVA treatment with the low-partial-pressure solvent DMDS. 

Importantly, the ternary BHJ solar cells are shown to outperform the binary BHJ device 

counterparts: 8.4% (avg.) for the “all-SM” DR3:ICC6 blend system and 8.2% (avg.) for 

the fullerene-based DR3:PC71BM blend system (thicknesses: ca. 100 nm). While the 

EQE/IQE measurements and the bias sweep analyses indicate that the 

field-independent BHJ devices benefit from high photon-to-current conversion 

efficiencies, the FF differences observed between binary and ternary active layers point 

to intrinsic differences in the carrier recombination patterns. Detailed examinations of 

the recombination loss channels via light-intensity dependence measurements show 

that the binary and ternary BHJs do not suffer from notable bimolecular recombination 

at short-circuit, but that trap-induced recombination within the DR3:PC71BM blend 

system and the ternary DR3:ICC6:PC71BM active layers at VOC are non-negligible. 

Comparing ternary and binary blend systems, the TPV and CE analyses indicate that the 

ternary BHJs benefit from longer carrier lifetime of ca. 2.4 µs (vs. 1 and 1.5 µs for the 

binary counterparts), and from rather low non-geminate recombination rate constants. 

While based on our TDCF experiments both binary blend systems suffer from geminate 

recombination at V0 and VMPP (the FF-determining point), the ternary blend system 

proves to be nearly free of geminate recombination (with Qtot showing negligible 

deviation from the J-V characteristics) and nearly free of any field dependence. 

Correlating the BHJ morphologies (inferred from STEM-EELS and D-SIMS 

analyses) with the charge transport characteristics of the blends, the SCLC mobility 
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estimates for the DR3:ICC6:PC71BM blend system (nearing 10-3 cm2 V-1 s-1) are 

consistent with the high hole and electron mobilities of the DR3:ICC6 and DR3:PC71BM 

blend systems, respectively. Combining high carrier mobilities and a balanced 

hole/electron mobility ratio, the “optimized” ternary BHJ solar cells concurrently show 

high FFs and a favorable morphology (finely-mixed, with domain sizes <30nm). 

With low geminate and non-geminate recombination, long carrier lifetimes and 

high/balanced carrier mobilities, the ternary DR3:ICC6:PC71BM blend system is 

amenable to optically-thick BHJ solar cells that maintain PCEs >8% over a wide range of 

active layer thicknesses within 200-500 nm. The ability to produce high-efficiency, 

thicker active-layer devices is paramount for the large-scale processing of solar cell 

modules via roll-to-roll printing and blade-coating techniques. 
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CChhaapptteerr  77                                                                                                                 

Conclusion and Outlook 

7.1 Conclusions 

In this dissertation, we demonstrated that small molecule organic solar cells 

can reach competitively high device PCE via rational molecule design, employing 

device optimization strategies to tune the BHJ morphology, and appropriate materials 

matching. We note that most of the work in this dissertation revolves around the 

benzo[1,2-b:4,5-b′]dithiophene (BDT) –core structures, the optimization strategies 

gleaned from this work shall benefit other organic solar cell systems with fullerenes 

and/or nonfullerenes since most of the OPVs frequently encounter similar 

unfavorable morphology issues. 

The structurely well-defined small molecule (SM) donors can be promising 

candidates to π-conjugated polymers in BHJ solar cells in conjunction with fullerene 

acceptors (e.g. PC61/71BM). Taking advantage of their synthetic tenability through the 

combination of a variety of electron donor and acceptor motifs, SM donors can lead 

to a wide range of optical, electronic and self-assembling properties, and thus, may 

impact material performance in BHJ solar cells. In chapter 3, we demonstrate 

changing the sequence of donor and acceptor units of 

benzo[1,2-b:4,5-b′]dithiophene–6,7-difluoroquinoxaline SM donors causes 

significantly effects on (i) molecular packing, (ii) propensity to order and preferential 

aggregate orientations in thin-films, and (iii) charge transport in BHJ solar cells. 
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Combining the solvent additives DIO with swapping the 6,7-difluoroquinoxaline ([2F]Q) 

motifs across our three SM donor systems (SMFQ1-3), the lower-bandgap analogue 

(SMFQ1), with the [2F]Q sequence unit directly appended to the central BDT core, is 

in favor of molecular-packed aggregation patterns in thin films, and attains device 

efficiencies of ca. 6.6%. 1H-1H DQ-SQ NMR analyses indicate that SMFQ3 and its 

counterpart with [2F]Q motifs substituted as end-group SMFQ3 possess distinct 

self-assembly patterns and charge transport property, resulting in BHJ device 

efficiency differences observed for the two analogous SM donors (avg. 6.3% vs. 2.0%, 

respectively). 

Further modification on the [2F]Q is made by replacing the alkyl group with 

the acrylate group, leading to the significant increase of the electron affinity of the 

acceptor unit, in turn narrowing the optical gap of the SM donor, without necessarily 

altering their propensity to order and form favorable thin-film BHJ morphologies with 

PCBM. Here in the same chapter, swapping the electron-deficient [2F]Q units used in 

SM1 for acrylate-functionalized [2F]QdC motifs in SM2 induces a spectral shift of ca. 

120 nm, corresponding to a notable reduction in optical gap of 0.3 Ev, which implies 

that the change in the SM2 absorption profile shall more currents shall be acquired in 

the device. Based on our systematic examinations of SM1 and SM2 in BHJ solar cells 

with PC71BM, the SVA protocol efficiently optimizes the active layer morphology of 

SM2, reaching the FF of ~65%, high VOC of ca. 1V and PCEs >8% (compared to ca. 5% 

via solvent additive DIO). With average IQE values >85% across the range 350-600 nm, 

improved charge transport, and nearly trap-free recombination at active layer 
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thickness of ~100nm, our detailed device simulations indicate the PCE of > 10% can be 

achieved with thickness of >200nm if the FF can be maintained. Comparing the 

simulated data and experimental results at optically thick film device together with 

the analyses of light intensity dependence and transient photocurrent, we emphasize 

the gradually increasing carrier recombination impacts BHJ device performance, 

resulting in the drop of the FF and device PCE. 

While the fullerene derivatives acceptors have shown great miscibility with 

many polymer and SM donors, their weak extinction coefficient and agglomeration 

limit the overall OPV development in terms of device efficiency and stability. To 

overcome the current limitation, we investigate a SM acceptor IDTTBM with a series of 

well-defined BDT-core SM donors DR3, SMPV1, and BTR (these donors with PCBM 

show high PCE of > 9%) to form “All-SM” BHJ solar cells. In the chapter 4, we found 

that DR3- and SMPV1-based devices can achieve PCEs of up to ca. 4.5% (avg. 4.0%) 

with the assistance of solvent additive DIO, whereas the as-cast device show much 

lower PCE of < 1%. While the side-chain manifold of their analogous BTR counterpart 

differs to a more significant extent, BTR-based BHJ solar cells are limited to lower 

figures of merit (PCEs <2.5%). Importantly, we provide a useful methodology for the 

examination of morphological differences in “nonfullerene” All-SM solar cells, which is 

an area of research where systematic studies are necessary to make further progress 

in the identification of the main guiding principles governing material and device 

efficiencies. The characterized result of our systematic EELS analyses in STEM mode 

indicates that “as-cast” BHJ morphologies are evidently coarser (SM domains as 
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large as ca. 200 nm) than those of “optimized” BHJ solar cells, resulting in PCEs <1%. 

When the solution-processing additive 1,8-diiodooctane (DIO, 0.8% v/v) is used in the 

blend solutions, the phase-separation lengthscale of the donor-acceptor network 

significantly improves and, in general, the carrier mobilities are also enhanced. 

Although the carrier recombination analyses of light-dependence and TPC studies 

indicate that the non-geminate recombination effects in all-SM devices (DR3, SMPV1 

and BTR) are significantly reduced in “optimized” active layers compared to “as-cast” 

ones, the charge transport studies show that DR3- and SMPV1-based “All-SM” devices 

benefit from a greater balance in hole/electron mobilities (μh/μe = ca. 3 vs. 0.05) and 

higher carrier collection efficiencies compared to their BTR counterpart. 

While showing suppressed carrier recombination and improved charge 

transport, previous case in DR3:IDTTBM system with lower IQE of < 50% and PCE of 

4.5% suggests this All-SM system may have issues in charge generation, which directs 

us to explore similar IDT-structure acceptor. The O-IDTBR acceptor shows similar 

structure, energy level and face-on packing in π-π stacking (favorable for charge 

transport), which appears to be an ideal candidate for SM donor DR3. In chapter 5, we 

show that the “nonfullerene” All-SM system DR3:O-IDTBR exhibits unexpectedly high 

VOC of 1.12 and low Eloss of 0.51Ev, one of the highest VOC and the lowest Eloss in 

SM-based OPVs to date. By using a low-partial-pressure solvent DMDS in the 

post-processing SVA treatment to the BHJ film, we showed that the All-SM solar cells 

can achieve PCEs of up to ca. 6.5% (avg. 6.1%). Combining light intensity-dependence, 

TPC and TPV measurements, we showed that SVA treatments can induce significant 
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performance improvements correlated to a reduction of non-geminate recombination 

across the BHJ active layer (seen from α values nearing 0.99, low 1.18 Kt/q coefficients, 

and the better propensity for charge extraction at 1 sun). Importantly, in 

600s-SVA-treated devices (extended SVA time), we found that higher crystallinity 

results in notably increased carrier mobilities –estimated by MIS-CELIV at 10-4 cm2 V-1 

s-1 vs. 10-5 cm2 V-1 s-1 for optimized devices (30s-SVA condition) – whereas the impact of 

the coarser D/A phase separation observed by AFM, TEM and EELS analyses in STEM 

mode (SM donor/acceptor domains as large as ca. 800 nm) prevails and lowers BHJ 

solar cell PCEs. Thus, we demonstrate that an important tradeoff exists between 

charge transport and domain size in All-SM devices subjected to SVA treatments. At 

last, correlating our experimental results with the device simulations, it is critically 

imperative to note that substantially higher BHJ solar cell efficiencies (>12%) could be 

achieved if the IQE and carrier mobilities of the active layer could be increased to >85% 

and >10-4 cm2 V-1 s-1, respectively, while suppressing the recombination rate constant k 

to <10-12 cm3 s-1. 

Eventually in chapter 6, we demonstrated a useful approach to further improve 

the device performance: the ternary concept. The solution-processable SM ternary BHJ 

solar cells with the SM donor DR3, the SM acceptor ICC6 and the fullerene acceptor 

PC71BM can reach PCEs nearing 11% (avg. 10.4%; 11% on 0.01 cm2 device areas) when 

active layer thicknesses are increased to >200nm. Using the DMDS solvent as the SVA 

treatment, our systematic device optimizations reveal solar cell PCEs rise from ca. 2.2% 

(avg.) for “as-cast” devices to ca. 11% (“optimized” condition; thickness: ca. 210 nm). It 
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is worth noting that the SM ternary solar cells are shown to outperform its binary BHJ 

device counterparts: avg. 8.4% for the “all-SM” DR3:ICC6 blend system and avg. 8.2% 

for the fullerene-based DR3:PC71BM blend system (thicknesses: ca. 100 nm). While the 

quantum efficiency measurements and reverse bias sweep study disclose the 

field-independent BHJ devices benefit from high photon-to-current conversion 

efficiencies, the subtle FF differences observed between binary and ternary active 

layers point to their intrinsic differences in the recombination loss pattern. Depth-in 

examinations of the recombination loss channels through light-intensity dependence 

analyses show that the binary and ternary BHJs do not suffer from notable bimolecular 

recombination at short-circuit, but that trap-induced recombination loss within the 

DR3:PC71BM system and the ternary DR3:ICC6:PC71BM active layers at VOC are 

non-negligible. Moreover, the TPV and CE analyses indicate that the ternary BHJs 

benefit from longer carrier lifetime of ca. 2.4 µs (vs. 1 and 1.5 µs for the binary 

counterparts), and from rather low non-geminate recombination rate constants. While 

based on our TDCF experiments both binary blend systems suffer from geminate 

recombination at V0 and VMPP (the FF-determining point), the ternary blend system 

proves to be nearly free of geminate recombination (with Qtot showing negligible 

deviation from the J-V characteristics) and nearly free of any field dependence. 

Correlating the BHJ morphologies (inferred from STEM-EELS and D-SIMS analyses) with 

the charge transport characteristics of the BHJs, the SCLC mobility estimates for 

the DR3:ICC6:PC71BM blend system (nearing 10-3 cm2 V-1 s-1) are consistent with charge 

carrier mobilities of both binary blend systems, respectively. Combining high carrier 
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mobilities and a balanced hole/electron mobility ratio, the “optimized” ternary BHJ 

solar cells concurrently show high FFs and a favorable morphology (finely-mixed, with 

domain sizes <30nm). Importantly with low geminate and non-geminate 

recombination, long carrier lifetimes and high/balanced carrier mobilities, the 

ternary DR3:ICC6:PC71BM blend system is amenable to optically-thick BHJ solar cells 

that maintain PCEs >8% over a wide range of active layer thicknesses within 200-500 

nm. The ability to produce high-efficiency, thicker active-layer devices is paramount as 

a candidate for the large-scale processing of solar cell modules through scalable 

techniques. 

 

7.2 Outlook for the Future Work 

While the current research of this dissertation indicate that constructing a 

ternary BHJ solar cells for SM systems is an effective way to break solar cell PCE of 

>10%, owing to their suppressed carrier recombination, longer carrier lifetime and 

higher mobility, the selection of appropriate donor and acceptor is very important and 

not every donor (acceptor) can be used to replace the DR3 (ICC6). In other words, the 

reason and mechanism of why DR3, ICC6 and PC71BM can synergistically work well 

remain unclear at this stage, which is also the current important topic for ternary solar 

cells.229, 233, 247-248 Moreover, the absorption profile of the absorbing materials further 

constrains the device efficiency examined in this dissertation. For IDTTBM, O-IDTBR 

and ICC6 SM acceptors, the onsets of the UV-Vis absorptions fall into wavelength 
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between 700 to 750nm, suggesting that the photons beyond 750nm cannot be 

captured by our solar cells. Researchers in the OPVs field developed began to report 

some SM acceptors to date used in binary systems that extend the absorption to 

850nm249, generating the current densities of >6 mA cm-2 than the control device 

(750nm). For the ternary solar cells made with polymer donors, a record PCE of 14% is 

demonstrated with the PC71BM and SM acceptor that crosses from 600 to 950.250 

These recent researches support the importance of developing SM acceptors in NIR- or 

IR-region, pushing the SM BHJ solar cells to over 20% PCE as comparable as inorganic 

solar cells.251 

The sustainable nature of solar electricity along with the associated large 

resource potential and dropped costs have inspired a significant increase in the 

deployment of utility-scale solar electricity generation factories recently.252 As the 

installed capacity of photovoltaics continues to grow, cost-effective technologies for 

solar energy storage will be critical to mitigate the intermittency of the solar resource 

and to maintain stability of the electrical grid. In this regard, the water splitting as an 

application via solar energy conversion emerges. In photoelectrochemical water 

splitting, hydrogen is produced from water via utilizing the sunlight and 

semiconductors (equivalent to the materials used in the active layer), harvesting light 

energy to directly dissociate water molecules into hydrogen and oxygen. This is a 

long-term technology pathway, with the potential for nearly-free greenhouse gas 

emissions. However, a standard cell potential of 1.23 V is fundamentally required for 

the water dissociation at ambient environment253, which sets up a basic threshold for 
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the single junction solar cell with unsatisfied VOC of < 1V. In order to surpass the 

threshold of the water splitting application and maintain/improve the solar cell 

efficiency, multi-junction solar cells appear to be a potential solution. The recent 

publications have shown that stacking two light-absorbing materials for tandem solar 

cells outperforms the PCE of the single junction counterparts, with high PCE of >1.8V 

that successfully facilitates the electrochemical reaction for water splitting without 

exerting external applied voltage.253-254 Our ternary solar cells hold the promise to 

construct the tandem device to further push the device performance, and then can be 

used for water-splitting application. Alternatively, the tandem structure can also be 

designed by using the ternary subcell and other subcell with wide-band-gap materials 

to acquire the photons in 300-500nm region, i.e. P3HT polymer donor.203 Either way, 

the multi-junction device including tandem architecture can be an effective strategy 

for the future PCE-improving protocol, which is also applicable to other OPV systems. 
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