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Directed by: Professor Thomas P. Russell 

 

It has been recognized that the morphology of the active layer of the polymer-

based solar cells has a great influence on the device performance. To push the efficiency 

to a higher level, morphology design and control by varying processing conditions are 

crucial. The theme of this dissertation is to characterize and understanding of the 

morphology of the active layer of polymer-based solar cells and the role that the 

morphology plays on device performance, so as to develop routes by which the 

morphology can be optimized.  

The focus of this dissertation is first on a binary system consisting of single donor 

material, poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-�E�¶�@-dithiophene)-alt-

4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), and single acceptor material, [6,6]-phenyl 

C61-butyric acid methyl ester (PCBM) (Chapter 2). Then composition of the active layer 

was extended to a more complicated ternary system containing two donor materials, 

poly(3-hexylthiophene) (P3HT) and PCPDTBT, mixed with single acceptor, PCBM; the 

results were discussed in Chapter 3 to 5. Multiple characterization methods were used, 
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including x-ray/neutron scattering or reflectivity techniques in combination with 

transmission electron microscopy and UV-vis absorption spectroscopy. Degree of 

ordering, degree of phase separation, molecular orientation and vertical component 

distribution were determined. Morphology evolution was monitored by conducting in-situ 

or ex-situ experiments and the driving force for generating the multi-length scale 

morphology was discussed.  

It was found that crystallization behaviors of the donor materials with or without 

confinement, with or without the use of processing additives were different. The 

interaction between the donor materials and PCBM had great influence on the domain 

size and purity. The key factors for the success of polymer-based solar cell are high 

crystallinity, separated donor materials, bi-continuous donor and acceptor phases and 

large interfacial area. 
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3.17. GIXD OOP (a) or IP (b) profiles for thin film of P3HT-1/PCBM (1/1) and P3HT-
1/PCPDTBT/PCBM (3/1/4) spin-coated by CB and post-annealed for a different time.   
(c) is the summary for P3HT OOP (100) peak position and crystal size�«�«�«�«�«�«��������  
 
3.18. P-RSoXS circularly averaged profiles (284 eV, horizontally polarized x-ray  
beam) for thin film of P3HT-1/PCBM (1/1) (a) and P3HT-1/PCPDTBT/PCBM (3/1/4)  
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3.20. Jsc (a) and PCE (b) for the ternary blend solar cells based on P3HT-1 /PCPDTBT/ 
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CHAPTER 1 

INTRODUCTION TO ORGANIC PHOTOVOLATAICS 

 

1.1 Current Progress on OPV Devices 

To meet worldwide energy demands and to decrease the dependence on non-

renewable energy sources, such as fossil fuels, harvesting solar energy is one of the more 

attractive solutions. Therefore, the research interest and subsequent efforts in 

photovoltaics has been growing significantly.  

The efficiency of commercially-available inorganic photovoltaic devices based on 

silicon, copper indium gallium diselenide (CIGS) or GaAs has already exceeded 20%.1 In 

comparison, the efficiency and the lifetime of their organic photovoltaics (OPVs) 

counterparts are still behind, with the majority being fabricated on a laboratory scale. 

However, OPVs, especially polymer-based solar cells, are still recognized to be very 

promising, due to their advantages of low-cost, good processability, flexibility and light-

weight.2,3 Rapid progress has been made over the last decade. Up to now, the highest 

efficiency of 12% for organic solar cells was reported by Heliatek GmbH based on the 

tandem structure.4 The best efficiency of a single cell OPV is reported to be 10.7%, which 

was made by the Mitsubishi Chemical Group Science and Technology Research Center, 

Inc. and measured at AIST.1 Once the efficiency of OPV cells routinely exceeds 10% 

with lifetimes of ~10 years, the commercial production of OPVs will be viable.5 

 

1.2 Structure of OPV Devices and Device Performance Test 

The structures of the OPV cells are shown in Scheme 1.1. The active layer is 
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sandwiched between two electrodes. For the standard structure, PEDOT:PSS coated on 

ITO glasses is usually chosen as the anode; while aluminum is used as the cathode. In the 

inverted geometry, ZnO- or TiO2-coated ITO glass is used as the typical cathode, while 

MoO3/Ag has been used as the anode. The active layer consists of donor (or hole-

conducting) and acceptor (or electron-conducting) materials. Fullerene derivatives, such 

as [6,6]-phenyl C61-butyric acid methyl ester (PC61BM) or [6,6]-phenyl C71-butyric acid 

methyl ester (PC71BM), are dominantly used as the acceptor material in an OPV, because 

of their high electron mobility and deep LUMO level. To pair with PCBM acceptor, a 

variety of conjugated polymers have been developed and utilized as the donor materials.  

 

              

Scheme 1.1. Schematic depiction of a bulk-heterojunction polymer-based solar cell.6  

 

The performance of the OPV cell is assessed by current-voltage (I-V) 

characterization. Typically, an OPV cell is connected to a source measure unit, which 

provides a voltage sweep across the electrodes of the OPV cell and measure the resulting 

current. Two types of tests can be performed, namely illuminated test and dark test. When 

the dark test is carried out, all the light is blocked and the cell is tested as a passive diode 

element to determine its breakdown diode properties and internal resistances. As for the 

illuminated test, the cell is excited by the solar simulator under air mass 1.5 global 
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spectrum (AM1.5G) irradiation with the intensity of 100 mW cm-2. The I-V sweep is 

conducted where the voltage is swept upward, and the sinking current is measured. 

 

 

Scheme 1.2. Current-voltage curve under illumination or dark for OPV devices.7 

 

The typical current-voltage curve is illustrated in Scheme 1.2. The short-circuit 

current density Jsc is defined as the current at zero bias, which can be expressed as,8 
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Here, the external quantum efficiency (EQE) is defined as the ratio of the number 

of collected electrons to the number of incident photons at a specific wavelength or 

energy. Thus, Jsc is related to the light absorption and photon conversion. The open-circuit 

voltage Voc is defined as the voltage when there is no current passing through the device. 

The value of Voc is related to the built-in potential of the junction, which is determined by 

the energy difference between the HOMO level of the donor material and LUMO level of 

the acceptor material. The fill factor, FF, is defined as the ratio of the product of Jm and 

Vm to the product of Jsc and Voc, where Jm and Vm are the current and voltage at the 

maximum power point, respectively. Power conversion efficiency, PCE, is defined as the 
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ratio of power out (Pout) to power in (Pin). FF and PCE are given as:7 
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With PCBM chosen as the electron acceptor, several rules must be followed to 

choose the suitable donor material to achieve the high PCE for the OPV devices. The 

HOMO level of the donor should be deep enough to maximize its energy difference from 

the LUMO level of PCBM and, hence, the resultant theoretical Voc value. The LUMO 

level of the donor material should be at least 0.3 eV higher than the LUMO level of 

PCBM, which will be explained later. Meanwhile, the bandgap of the donor material, the 

energy difference between the HOMO and LUMO gap, must be considered as well, since 

it directly relates to the absorption of the photoactive materials and influences the Jsc 

value of the solar cell. The majority of the solar light is absorbed by the donor material. 

Therefore, materials with small bandgap and wider absorption range are strongly favored 

in order to achieve high Jsc values. So there will be the compromise on the HOMO or 

LUMO of the donor materil.7,9 

 

1.3 Photovoltaic Mechanism and Importance of Morphology Studies 

There have been a large number of materials synthesized for OPV applications. It 

should be noted that even if the donor and acceptor materials have the ideal HOMO-

LUMO alignment, the PCE of the resulting OPV cell is occasionally lower than expected, 

indicating that factors other than energetic alignment may play a significant role in device 

performance. For example, the bandgap of poly(3-hexylthiophene) (P3HT) is 1.85 eV; 
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and the highest PCE of the device based on P3HT/PC61BM was reported to be close to 

5%.8,10 The typical low bandgap polymer, poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta 

[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), was first 

synthesized in 2007.11-12 Its bandgap is around 1.4 eV, which has broader and more high-

wavelength absorption than P3HT.13-14 However, the PCPDTBT/PCBM cell only showed 

a PCE of 2.8% if processed under the same condition used for P3HT/PCBM cell.14,15 It is 

therefore strongly suggested that besides to the energy alignment, the morphology of the 

active layer could have great influence on the device performance. 

Efforts to optimize the morphology and the performance of OPV cell must be 

based on the understanding of the mechanism of charge generation and transport 

processes. The conversion of photons to electrical current by an OPV device can be 

roughly divided into the following four distinct steps: 1. exciton generation, 2. exciton 

diffusion, 3. exciton dissociation, and 4. charge transport and collection.7,16 (Scheme 1.3) 

Specifically, the active layer absorbs photons which excite an electron from the highest 

occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) 

level of the donor material to generate an exciton, a Coulombically bound electron-hole 

pair. This is the principal fundamental difference between the organic photovoltaics and 

its inorganic counterparts. For inorganics, the generation of excitons can be ignored since 

the exciton binding energy is so low that the free electrons and holes can be formed 

spontaneously after photo-excitation. However, organics have relatively high exciton 

binding energies due to the inherently low dielectric constants. As a consequence, the 

exciton must diffuse to an interface between the donor and acceptor materials, where the 

exciton is dissociated into an electron and hole by electrostatic force generated due to the 
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differences between the donor and acceptor materials in electron affinity and ionization 

energy. There is a minimum of 0.3 eV in the energy offset between LUMOs of the donor 

and acceptor material for exciton dissociation to occur. Once the dissociated electron and 

hole are generated, they must be transported through established pathways by the 

acceptor and donor materials to the cathode and anode, respectively.  

 

 

Scheme 1.3. Electronic diagram of the functioning of an OPV devices. 

 

According to the photovoltaic mechanism, optimizing the active layer 

morphology from different aspects is worth consideration in order to facilitate the charge 

generation and transport. First, the donor and the acceptor must be phase separated to 

yield the respective pathways for electrons and holes. Second, the interface between the 

donor and the acceptor materials should be maximized to benefit the exciton dissociation. 

Third, the fact that the average exciton diffusion length is on the order of tens of 

nanometers requires that the domain size not be too large to prevent the decay of exciton 

before it reaches the interface; meanwhile, to avoid the recombination of free charges, the 
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domain size should not be too small either. Last but not least, each domain should be 

relatively pure enough to provide the pathways for charge transport and reduce charge 

recombination.  

Consequently, the idea of bulk heterojunction (BHJ) structure is summarized as 

follows.7, 17-20 It contains bicontinuous, interpenetrating networks of the donor and the 

acceptor, where the average size of the domains will be on the order of tens of 

nanometers to match the exciton diffusion length. (Scheme 1.4) In addition, the 

crystallinity of the hole-transporting material should be relatively high, so as to promote 

high charge mobility. The chain orientation of the polymer with respect to the substrate, 

as well as the vertical distribution of each component, must also be considered, since 

charges must travel normal to the film surface, i.e. to the electrodes. 

 

 

Scheme 1.4. Schematic depiction of a bulk-heterojunction OPV cell. 

 

Since the morphology of the active layer is closely related to the device 

performance, fully understanding the morphology and the role that the morphology plays 

in dictating the device efficiency is important. Once the morphology-performance 

relationship is clarified, it will shed light on the design and fabrication of devices with 

exciton 

hole 

electron 

electrode 

electrode 
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higher efficiency. 

 

1.4 Influence of Processing Conditions  

To achieve the ideal bulk heterojunction structure, various processing methods 

have been applied and the degree of ordering and degree of phase separation are 

influenced. It is well known that even if the same donor/acceptor pairs are used, the 

morphology will be totally different under various processing conditions, and so are the 

resultant device efficiencies. 

For example, the post deposition processes, such as thermal annealing or solvent 

vapor annealing have been proven to be highly effective for the devices based on 

P3HT/PCBM.21-23 It has been demonstrated that P3HT and PCBM are highly miscible. 

The uniform mixture of P3HT and PCBM in the as-spun thin film resulted in the serious 

charge recombination and low PCE. Thermal annealing significantly promotes the 

crystallization of P3HT during which the PCBM molecules residing in the crystallizing 

P3HT matrix are excluded into the amorphous P3HT phase, therefore resulting in the 

phase separation between P3HT and PCBM.21,22 Indeed, it is shown by high resolution 

TEM that a bicontinuous structure with domain size ~ 10 nm was formed after thermal 

annealing. In addition, thermal annealing can be performed before or after the electrode 

deposition; the former is called pre-annealing and the latter is post-annealing. The post-

annealing benefit the enrichment of PCBM and the formation of face-on orientation of 

P3HT chains at the cathode/active layer interface.21 All of the above factors work 

synergistically, leading to the dramatically increased efficiency for the P3HT/PCBM 

devices after post deposition processes.  
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In addition, controlling the solution casting conditions, such as varying solvent 

evaporation rate, the nature of the solvent or introducing non-reacting processing 

additives, has also been widely applied.19,24,25 In particular, the use of additives has 

become popular due to its ease of implementation and its effectiveness in enhancing the 

device efficiency.  

It was first found to be effective for P3HT/PCBM-based devices.26 A variety of 

additives have been tested, covering from the bad solvents for P3HT such as 1,8-

octanedithiol (ODT) to good solvent such as 1-chloronaphthalene (CN).27,28 Adding only 

a small amount of additive into the solution before casting films is sufficient to promote 

the crystallinity of P3HT and phase separation between P3HT and PCBM. Remarkably, 

the device efficiency was reported to be almost 10 times higher after using additives. The 

additive has also been used for devices comprising low bandgap polymers and is now 

routinely used for all the new systems.14,29-33 No additional post deposition process is 

necessary. Actually, adverse effect is observed where subsequent thermal treatment for 

additive-processed active layers has often led to a reduction in the device efficiency.14,34,35  

Among various low bandgap polymer/fullerene pairs, PCPDTBT/PCBM blend is 

the first system where the use of a processing additive resulted in the increasing 

efficiency of the solar cells.14,15 Previously, the devices based on PCPDTBT/PC71BM 

blend processed by single solvent, chlorobenzene (CB), did not show the excellent 

performance as expected. Its power conversion efficiency (PCE) was reported to be only 

2.8%. Thermal annealing did not help improve the device performance. However, it was 

found that using processing additives, such as 1,8-octancedithiol (ODT) or 1,8-

diiodooctane (DIO), almost doubled the PCE to 5.5%.14,15 Consequently, this system has 
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become a prototype which underscores the extreme importance of the controlled 

processing conditions and optimized morphology for the device performance. 

Moreover, the studies using various processing additives with different alkyl 

chain lengths or functional groups have been carried out, including 1,3-propanedithiol, 

1,4-butanedithiol, 1,6-hexanedithiol, 1,8-octanedithiol (ODT), 1,8-diiodooctane (DIO), 

and 1,8-dichlorooctane (DCO).14,15 Different primary solvents have also been tested, such 

as CB or 1,2,4-trichlorobenzene (TCB).34 Based on these results of different combination 

of primary solvents and processing additives, the rules of thumb for processing additives 

can be summarized as follows: (i) there must be a selective solubility for PCBM and (ii) 

it must have a higher boiling point than the primary solvent.15,36 

 

1.5 Summary 

In this dissertation, research focusing on the morphologies of the active layer in 

the polymer solar cells are presented. The focus is first on a binary system consisting of 

single donor material and single acceptor material, then composition of the active layer 

was extended to a more complicated ternary system containing two donor materials and 

single acceptor. Multiple characterization methods were used, including scattering 

techniques in conjunction with electron microscopy and UV-vis absorption spectroscopy, 

to determine the degree of ordering and degree of phase separation in the multi-

component active layer. The relationship among the morphology, device performance and 

photophysical mechanism was revealed. And the fundamental understandings on the 

crystallization behavior of conjugated polymer and the miscibility between the 

conjugated polymer and fullerene derivative are provided. 
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Chapter 2 discussed the morphology of the polymer solar cell based on 

PCPDTBT/PCBM with or without the use of processing additives. It was found that 

PCPDTBT was amorphous and mixed well with PCBM without using processing 

additives. The serious charge recombination resulted in the low efficiency. After using 

processing additives, the PCPDTBT fibrils formed and the networks of fibrils with 

aggregated amorphous PCPDTBT and PCBM filled in the gap. Such multi-length-scale 

morphology reduced the charge recombination, leading to the enhanced device efficiency. 

Moreover, the morphology evolution during the drying procedures was monitored by in-

situ x-ray diffraction experiments. It illustrated that the additive acts as the non-solvent 

for PCPDTBT and promotes the aggregation and crystallization of PCPDTBT during film 

drying. 

Chapter 3 studied the morphology of a ternary blend solar cell based on 

P3HT/PCPDTBT/PCBM. The active layer was spin-coated from single solvent and 

thermal annealed. The blending ratio and thermal annealing time were varied to find the 

optimal processing conditions to fabricate the ternary blend solar cell with higher 

efficiency compared with the binary P3HT/PCBM or PCPDTBT/PCBM cells. Under 

optimal condition, it was demonstrated that P3HT crystallized under the confinement of 

amorphous PCPDTBT. The bicontinuous network was generated, which is composed of 

bundles of P3HT fibrils separated by the amorphous region. In addition, molecular 

weight of P3HT was varied, leading to the different morphologies. By linking the 

morphology with the device performance, the key factors to determine the success of the 

ternary blend solar cell spin-coated from single solvent are summarized to be 

crystallinity, degree of phase separation and interfacial area. Both parallel-like and 
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cascade charge transfer exist in such ternary blend solar cell. The two hole-transporting 

polymers act independently and even synergistically to achieve the improved device 

performance compared with the binary references. 

In Chapter 4, the active layer of the ternary blend solar cell was processed first by 

the additive and then thermal annealed. Both P3HT and PCPDTBT crystallizations were 

promoted by using processing additive. The penetrating networks of individual P3HT 

fibrils and PCPDTBT fibrils were generated; and the fibrils were separated by the 

amorphous region. The morphology for ternary blend mimics a tandem cell connected in 

parallel. Parallel-like charge transfer existed. And the amorphous PCPDTBT chains stay 

at the interface between P3HT fibrils and the amorphous region benefit the cascade 

charge transfer. So the efficiency of the ternary blend solar cell was improved at the 

arbitrary blending ratio relative to the binary references. 

Inspired by the results of Chapter 3, ternary solar cell via bilayer interdiffusion 

was summarized in Chapter 5. In detail, a layer of P3HT and PCPDTBT mixture was 

transfered on top of a PCBM layer, then PCBM was allowed to diffuse into the polymer 

layer by thermal annealing. Two different methods for fabricating the bilayer structure 

were used. The blending ratio between the two polymers was optimized. The resultant 

device efficiency was comparable to that of the ternary blend solar cell, and was higher 

than the binary references. The characterization results showed that PCBM can only 

diffuse into the amorphous region of P3HT but not PCPDTBT under our experimental 

condition. A bulk heterojunction structure was obtained wherein three phases are present, 

namely amorphous PCPDTBT, P3HT crystals and mixture of amorphous P3HT and 

PCBM. 
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Chapter 6 summarized the research work in this dissertation and presented 

perspectives of future directions on the studies of ternary blend solar cells. To further 

increase the efficiency of ternary blend solar cell based on P3HT/PCPDTBT/PCBM, a 

solvent soaking procedure is performed after thermal annealing. This will introduce the 

crystallization of P3HT and PCPDTBT in a sequential manner, which helps to further 

improve the device performance. As for the ternary blend solar cell based on the other 

donor polymers, we proposed to mix the pre-prepared fibrils and then add PCBM as the 

acceptor. We expect that our work and idea will be instrumental in pursuing new avenues 

towards the design and fabrication of polymer solar cells with higher efficiency.  
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CHAPTER 3 

MORPHOLOGY STUDY ON TE RNARY BLEND SOLAR CELL  

PROCESSED BY SINGLE SOLVENT 

 

3.1 Introduction 

To improve the power conversion efficiency (PCE) of organic photovoltaic (OPV) 

devices, one strategy is to increase the total number of photons adsorbed by the active layer. 

Achieving this goal requires the synthesis of new materials or the development of novel 

processing routes to use multiple existing materials that have complementary absorptions 

in the solar spectrum. The typical approach is the tandem-cell geometry, where two or more 

sub-cells are stacked together and connected in series or in parallel.1-5 The highest 

efficiency to date of 12% for organic solar cells was reported by Heliatek GmbH using this 

strategy.6 However, the fabrication of tandem cells is not cost-efficient for large scale 

production, since this involves multi-step layer-by-layer processing, engineering of cell-

connecting layers and optimization of the sub-cell thickness.1,7-11 To simplify the 

processing procedure and achieve efficiency comparable with the tandem cell, ternary 

blend can be used as the single active layer. (Scheme 3.1) Such ternary blend consists of 

two donor materials active in different wavelength ranges of the solar spectrum and one 

electron transporting material, such as PCBM.12,13 

There have been only a few successful ternary blend solar cells reported so far to 

show improved device performance relative to the binary cells.14-21 Among these 

successful examples, the blend of poly(3-hexylthiophene) (P3HT) / [6,6]-phenyl-C61-

butyric acid methyl ester (PC61BM) has been frequently chosen as the matrix, and 
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additional donor material was added to improve the original device performance.15,16,19,22 

This is because P3HT/PCBM blend is the most prominent system used for polymer solar 

cells; P3HT is almost the best studied donor material whose properties are well known. To 

complement the narrow absorption of P3HT, a low band-gap polymer, such as poly[2,6-

(4,4-bis- (2-ethylhexyl)- 4H-cyclopenta [2,1-b;3,4-b’] -dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (PCPDTBT) was incorporated. The active layer of this ternary blend 

solar cell was usually spin-coated from single solvent and then thermal annealed.15,19 

 

       

Scheme 3.1. Schematics of (left) tandem solar cell with inverted structure; (right) ternary 
blend solar cell with standard structure. 
 
 

Previous studies on this system have been focused primarily on device physics. It 

was reported that incorporating a small amount of PCPDTBT would resulted in up to 12% 

enhancement on PCE compared with P3HT/PCBM binary cell.15 The addition of 

PCPDTBT extended the absorption to the near IR region. The photophysical mechanisms 

behind the sensitization effect of PCPDTBT were well investigated by photoluminescence 

(PL) quenching, photoinduced absorption (PIA), spectrally resolved photocurrent and 

integrative mode Time of Flight (j-ToF) transport measurements. But on the other hand, 

the morphology study of this ternary blend, which is one of the key factors in determining 

the overall success of the device, is quite limited. It was only claimed that blending 0-20 
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wt% PCPDTBT into P3HT/PCBM matrix did not obviously influence the crystallinity of 

P3HT, but did influence the crystallinity of PCBM, based on DSC and GIXD results.19 

Thus the authors assumed that PCPDTBT would be dominantly located in the amorphous 

part of P3HT and adding more than 20 wt% PCPDTBT would generate a large amorphous 

phase, resulting in a dramatic drop of device efficiency. Phase diagrams of binary and 

ternary blend for this system has also been investigated, since the authors noticed that the 

miscibility among the different components should be an important factor for the device 

performance.22  

Meanwhile, it has been reported that the crystallinity of P3HT correlates closely 

with its molecular weight.23-27 With increasing molecular weight of P3HT, its solid 

structure evolves from the lamellar crystals to the mixture of interlinked crystalline 

lamellae and amorphous interlamellar zones.28-30 In addition, the phase behaviors of P3HT 

and PCBM mixtures vary with P3HT molecular weight as well. The disrupted structure 

changed to the more homogeneous structures as P3HT molecular weight increased.31-33 

Based on the above reports, adjusting the molecular weight of P3HT should be an effective 

way to tune the morphology of the ternary blend of P3HT/PCPDTBT/PCBM. 

Here, we investigated this ternary blend to understand the morphology of ternary 

blend solar cells. Studies were carried out as a function of the concentration of P3HT and 

PCPDTBT after spin-coating by chlorobenzene solution and then thermal annealing. 

Comparisons of the morphologies of the ternary mixture with the corresponding binary 

mixtures were performed to understand the influence of the third component on the 

morphologies. Grazing incidence x-ray diffraction (GIXD) and polarized resonant soft x-

ray scattering (P-RSoXS) were used in combination with transmission electron microscopy 
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(TEM) to assess the morphology of the active layer, including the ordering and orientation 

of each component, the degree of phase separation, and spatial distribution of each 

component. The influence of thermal annealing time was investigated as well to clarify the 

driving force behind the formation of morphology. In addition, the molecular weight of 

P3HT was varied to adjust the ratio of crystalline region to amorphous region. The 

relationship among the morphology, device performance and photophysical mechanism 

was revealed and the key factors for the overall success of the ternary blend solar cell were 

summarized. 

 

3.2 Experimental Section  

3.2.1 Materials 

P3HT-1 was synthesized according to the references.34 P3HT-2 was provided by 

Kuraray Co. Ltd, Japan. P3HT-3 and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) 

was purchased from American Dye Source, Inc. PCPDTBT was purchased from 1-material 

Chemscitech Inc. (St-Laurent, Quebec, Canada). The molecular weight and PDI of the 

polymers were listed in Table 3.1. All of these materials were used as received and 

dissolved in chlorobenzene. 

 

Table 3.1. Molecular weight and PDI of the polymers. 

material Mn Mw PDI 

P3HT-1 31.5 k 40.9 k 1.3 

P3HT-2 28.4 k 33.3 k 1.17 

P3HT-3 18.6 k 33.5 k 1.8 

PCPDTBT 19.2 k 36.5 k 1.9 
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3.2.2 Device Preparation and Optoelectronic Characterization  

Photovoltaic devices were fabricated by the following structure: glass / indium tin 

oxide (ITO, Thin Film Devices Inc.) / poly(3,4-ethylenedioxythiophene) : polystyrene 

sulphonate (PEDOT: PSS, CLEVIOSTM P VP Al 4083, ~40 nm) / active layer (~130 nm) 

/ Al (~100 nm). The active area is 6 mm2. For pre-annealing, the devices were placed 

directly onto a 150 oC hot plate and heated before Al deposition; as for post-annealing, the 

devices were annealed for various times as indicated in the main text with the Al electrodes. 

All current-voltage (I-V) characteristics of the devices were measured under simulated 

AM1.5G irradiation (100 mW cm-2) using a Xe lamp-based Newport 91160 300-W Solar 

Simulator.   

 

3.2.3 Morphology Characterization 

Grazing Incidence X-ray Diffraction (GIXD): Silicon wafers coated with 

PEDOT:PSS were used as the substrates. Thin-film preparation procedures for GIXD 

samples were kept the same as for device fabrication. The Al cathode was removed with 

an aqueous CuCl2 solution. GIXD measurements were performed on beamline 7.3.3 at the 

Advanced Light Source at the Lawrence Berkeley National Laboratory. The samples were 

put in the Helium chamber to suppress the air scattering.  

Polarized Resonant Soft X-ray Scattering (P-RSoXS) and Near Edge X-ray 

Absorption Fine Structure (NEXAFS): P-RSoXS and NEXAFS experiments were 

performed at soft x-ray scattering beamline 11.0.1.2. at the Advanced Light Source (ALS), 

LBNL. The thin film samples were floated on the single plot copper grids and measured 

by transmission geometry. 
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Transmission Electron Microscopy (TEM): The thin film samples were floated on 

400 mesh copper grids. Bright field transmission electron microscopy (BF-TEM) was 

performed on samples using a JEOL 2000FX electron microscope operated at 200 kV. 

Energy filtered transmission electron microscopy (EF-TEM) were at the Center for 

Nanophase Materials Sciences, Oak Ridge National Laboratory. The samples were 

examined with a Zeiss Libra 120 equipped with an in-column (Omega) energy filter at 

120kV. Focused ion beam (FIB) was performed in department of materials science and 

engineering, University of Tennessee, with a Zeiss Auriga dual beam FIB-SEM (5-30kV). 

A final polishing at 10pA/10kV was used to minimize ion beam damage during FIB 

processes and the resultant cross-sectional TEM samples have a thickness of ~70 nm.  

Optical microscopy (OM): The thin film samples on PEDOT:PSS coated Si wafers 

were probed by Olympus BX60 optical microscope in reflection mode. 

 

3.3 Results and Discussions  

3.3.1 Influence of Blending Ratio 

3.3.1.1 GIXD Results 

Thin films of P3HT-1/PCPDTBT/PC61BM or their binary references were spin-

coated from chlorobenzene (CB), then thermally annealed at 150 oC for 10 minutes. The 

thicknesses of all the films were kept to be ~130 nm. The weight ratio between P3HT and 

PCPDTBT was varied, but the weight ratio of the total two polymer to PC61BM was held 

constant at 1/1. Figure 3.1 shows the out-of-plane (OOP) and in-plane (IP) GIXD profiles 

for the pure polymers or polymer blend thin films. Pure P3HT crystallized after thermal 

annealing and the edge-on orientation dominated, which was indicated by the appearance 
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of strong OOP (h00) and IP (010) diffraction peaks.35-40 As for the pure PCPDTBT film, 

the broad OOP (100) and (010) diffraction peak appeared at around 0.59 and 1.70 A-1, 

respectively, indicating the relatively weak crystallinity of PCPDTBT and its random 

orientation.41-43 When the two polymers were blended together and thermal annealing was 

performed, the resultant GIXD profiles clearly displayed both P3HT and PCPDTBT OOP 

(100) peaks; the peak positions did not shift and the peak intensities were dependent on the 

ratio of each component. This suggested that the two polymers could not co-crystallize and 

they should be immiscible and phase separate.  

Figure 3.1. GIXD OOP (a) and IP (b) profiles for the thin film of pure P3HT, pure 
PCPDTBT and blend of P3HT/PCPDTBT with different blending ratio. 
 

 
Figure 3.2 shows the OOP and IP GIXD profiles of the mixtures with PCBM as a 

function of the weight ratio of the two polymers. After blending with PCBM, the broad 

peak at ~1.4 A-1 appeared, which is assigned to the form factor of PCBM.44 For 

P3HT/PC61BM thin films (0% PCPDTBT weight fraction), P3HT still crystallized after 

thermal annealing, as evidenced by the appearance of strong OOP (h00) reflections as seen 

(a) (b)
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in pure P3HT. The (010) peak of P3HT at q ~1.7 A-1 is seen in the OOP profiles and (h00) 

peak is also seen in the IP profile. These data suggest that a certain degree of face-on 

orientation was present, though the edge-on orientation dominated.  

 

Figure 3.2. GIXD OOP (a, c) and IP (b, d) profiles for ternary blend thin films and binary 
references with different blending ratio of the polymers. 
 
 

(a) (b)

(c) (d)
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Figure 3.3. Summary for the P3HT GIXD OOP (100) peak position and the estimated 
crystal size. 
 
 

By gradually incorporating PCPDTBT, up to a 25% of weight fraction, the 

diffraction peaks characteristic of PCPDTBT at q~0.59 A-1 were not evident, suggesting 

that PCPDTBT was amorphous. This is consistent with previous studies where the 

miscibility of PCBM with PCPDTBT can disrupt the chain packing of PCPDTBT.41-43 The 

OOP (h00) peaks of P3HT were quite evident and the peak position remained constant. 

Very little change in the peak intensity was observed. These data indicate that P3HT and 

PCPDTBT do not co-crystallize. The sizes of the crystals, estimated using the Scherrer 

equation: L = 0.9 �� /( �� cos �� ), where �� is the wavelength of the incident beam, �� is the full 

width at half maximum (FWHM) in radians, and �� is the Bragg angle, are given in Figure 

3.3. As seen, the P3HT crystals do not change significantly with the addition of a small 

amount of PCPDTBT. In addition, the peak at q ~ 1.7 A-1 in the OOP profile was also 

obvious and its intensity decreased with increasing amounts of PCPDTBT. So this peak 

was mainly attributed to the (010) reflection of P3HT and not (010) reflection of PCPDTBT. 
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Meanwhile, the intensity of the corresponding peak at q ~ 1.7 A-1 in the IP profile increased 

with increasing PCPDTBT contents. This suggested that the edge-on orientation for P3HT 

chains increased with the addition of a small amount of PCPDTBT. However, if the 

concentration of PCPDTBT became too high, the ordering of P3HT was suppressed. 

Increasing the weight fraction of PCPDTBT to 50% caused a significant drop in the 

intensity of the crystalline reflections. Crystalline ordering was completely lost when the 

PCPDTBT content exceeded 75%. (Figure 3.2 c-d) 

 

Figure 3.4. RSoXS profiles for the pre-annealed and post-annealed ternary blend thin films. 

 

3.3.1.2 TEM Results 

The formation of P3HT crystals was confirmed by bright field TEM (BF-TEM) 

images. Note that the pre-annealed and post-annealed samples showed the same degree of 

phase separation in the lateral direction, which is demonstrated by RSoXS profiles and BF-

TEM images (Figure 3.4 and 3.5). The scattering profiles showed the pre-annealed and 

post-annealed samples had the same degree of phase separation. The BF-TEM images 
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suggested that the primary difference is that post-annealed samples had wrinkles on the 

surface, which influenced the focus for TEM imaging. Consequently, the pre-annealed 

samples are shown to illustrate the detailed features clearly.  

 

Figure 3.5. BF-TEM images for ternary blend thin films of P3HT-1/PCPDTBT/PCBM 
with weight ratio of 3/1/4 (25 wt% of PCPDTBT), spin-coated by CB, pre-annealed (a) or 
post-annealed (b). The scale bar is 500 nm. 
 
 

For the P3HT/PC61BM blend, fine P3HT crystals were observed, as evidenced by 

the small bright domains. (Figure 3.6a) While the ternary blend exhibited a rather unique 

morphology (Figure 3.6b-f), where bundles of P3HT fibrils (bright areas) formed a 

continuous network imbedded in a mixture of PC61BM with amorphous PCPDTBT and 

P3HT (dark areas). The center-to-center distance for the dark areas, or in other words, the 

bundle-to-bundle distance, increased with the increasing weight fraction of PCPDTBT, up 

to 25%. When the concentration of PCPDTBT exceeded 50% (Figure 3.6g), few P3HT 

fibrils could be seen. And when the PCPDTBT weight fraction exceeded 75%, no evidence 

of fibrils was found. (Figure 3.6h-i) The phase separation was suppressed as well when the 

crystallinity was lost. From these data it is evident that PCBM is miscible with amorphous 

a b 
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P3HT and PCDTBT, acting as a common solvent for both polymers.  

 

 

Figure 3.6. BF-TEM images for ternary blend thin films with different PCPDTBT contents. 
The labeled number is the weight fraction of PCPDTBT in total polymers. The scale bar is 
500 nm. 
 

 

g. 50% 

a. 0% 

d. 15% 

c. 10% 

e. 20% 

i. 100% 

b. 5% 

f. 25% 

h. 75% 
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The spatial distribution of each component was determined by energy filtered TEM 

(EF-TEM) images, following a previously reported method based on the low eV (15-40eV) 

plasmon responses of the polymer donor and fullerene acceptor.45 The zero-loss mapping 

(0±4eV) image (Figure 3.7a) for the ternary blend with 25% PCPDTBT looked similar to 

the BF-TEM image in Figure 3.6f. In the 19±4 eV image (Figure 3.7b), where the energy 

is characteristic of the polymers, the bright areas were assigned to the polymer-rich regions, 

particularly P3HT crystals, considering the low concentration of PCPDTBT.45 

Unfortunately, it is impossible to distinguish P3HT from PCPDTBT, because the 

characteristic plasmon loss peak for P3HT is very close to that for PCPDTBT, as measured 

in our electron energy loss spectroscopy experiments. In the 30±4 eV image (Figure 3.7c), 

where the energy is characteristic of PC61BM, the bright areas corresponded to the PCBM-

rich regions. The color mix map is shown in Figure 3.7d, which was generated by 

highlighting Figure 3.7b and 3.7c with red and green colors, respectively, and then 

overlapping the two images. It indicated that the polymer-rich region and PCBM-rich 

region are complementary to each other. Based on these results we can schematically 

represent the morphology as shown in Scheme 3.2. 

Scheme 3.2. Schematic representation of ternary blend thin film of P3HT/PCPDTBT 
/PCBM with weight ratio of 3/1/4 (25 wt% of PCPDTBT). 
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Figure 3.7. EF-TEM (a) 0±4 eV, (b) 19±4 eV, (c) 30±4 eV images, (d) color mix map for 
lateral section of pre-annealed ternary blend thin films of P3HT/PCPDTBT/PCBM with 
weight ratio of 3/1/4 (25 wt% of PCPDTBT). The scale bar is 200 nm. EF-TEM (e) 0±4 
eV, (f) 19±4 eV, (g) 30±4 eV images, (h) color mix map mapping for cross-section of post-
annealed ternary blend thin films of P3HT/PCPDTBT/PCBM with weight ratio of 3/1/4. 
The scale bar is 50 nm. 
 
 

A cross-section of the post-annealed sample was prepared using a focused ion beam 

(FIB), then investigated by EF-TEM. The original images are shown in Figure 3.7e-g. The 

color mix map is shown in Figure 3.7h, where the green color corresponds to PCBM-rich 

regions and the red color for the polymer-rich regions. It is clear that polymer-rich and 

PCBM-rich regions are essentially complementary. The domain size in the cross-sectional 

image is essentially the same as in the lateral direction. 

 

3.3.1.3 P-RSoXS Results  

Polarized resonant soft x-ray scattering (P-RSoXS) was also used to probe the 

morphology of the ternary blend where, by varying the incident x-ray energy to the 

absorption edges characteristic of the chemical bonding of different components, the 

contrast of each component can be changed.46,47 Furthermore, since the x-ray beam is 

polarized, the contrast also depends on the orientation of the bonds with respect to the 

incident beam.48,49 Typical scattering patterns for the annealed P3HT-1/PCPDTBT thin 

film with a 3/1 weight ratio and their sector averaged profiles are shown in Figure 3.8. Here, 

the transmission geometry was used with the incident beam normal to the film surface and 

the diffraction vector oriented in the plane of the film. Thus, the appearance of the 

scattering maximum at q ~ 0.008 A-1 indicated that P3HT and PCPDTBT phase separated. 

Even for a 1/1 blend of regio-random P3HT, an amorphous polymer, and PCPDTBT, a 
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scattering maximum was observed, confirming the immiscibility of P3HT and PCPDTBT. 

(Figure 3.9)  

 

Figure 3.8. P-RSoXS pattern (a, b) and sector averaged profiles (c) for P3HT-1/PCPDTBT 
thin film (3/1 wt/wt, spin-coated by CB, post-annealed) with horizontally polarized x-ray 
beam. 
 
 
 

 

 

Figure 3.9. P-RSoXS pattern (a, b) and circularly averaged profile (c) for regio-random 
P3HT/PCPDTBT thin film (1/1 wt/wt, spin-coated by CB, pre-annealed at 150oC for 10 
minutes) at horizontally polarized x-ray beam. 

 

a. 284 eV b. 285.4 eV c 

a. 284 eV b. 285.4 eV 
c 
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Figure 3.10. P-RSoXS scattering patterns and sector averaged profiles for the pre-annealed 
P3HT/PCPDTBT thin film (3/1) at horizontally (a-c) or vertically (d-f) polarized x-ray 
beam. 

 
 
The scattering patterns were found to be anisotropic for certain beam energies 

(Figure 3.8). A stronger scattered intensity along the horizontal direction was found with a 

horizontally polarized beam at 284 eV; while the scattering intensity was stronger along 

the vertical direction at 285.4 eV. The maximum in the scattering occurred at the same 

scattering vector. It must be noted that the sample was not oriented in-plane; the scattering 

patterns were independent of the rotation of the sample. The horizontally enhanced pattern 

would change to vertically enhanced if the polarization of the beam was rotated by 90o. 

(Figure 3.10) Consequently, the anisotropy in the pattern originates from a local molecular 

orientation of each component. The orientation of the C-1s�� �Œ*c=c transition dipole 

a. 284 eV b. 285.4 eV 

e. 285.4 eV 

c

f 
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moment of the molecule is perpendicular to the conjugation plane.48,50 When the 

polarization direction of the beam is parallel to the transition dipole moment, absorption is 

stronger. According to near edge x-ray absorption fine structure (NEXAFS) profiles for 

P3HT, PCPDTBT and PCBM (see Figure 3.11), the carbon K-edge resonances at 284 eV 

corresponds to the spectroscopic signature of PCPDTBT and 285.4 eV to P3HT. In Figure 

3.8a and 3.8b, the direction of the enhancements of scattering patterns are normal to each 

other when the polarization of x-ray beam was fixed but the beam energies are varied. So 

we conjecture that the conjugation planes of the P3HT and PCPDTBT must be locally 

orthogonal to each other. 

 

Figure 3.11. NEXAFS profiles for P3HT, PCPDTBT and PCBM spin-coated by CB and 
annealed. 
 

 
The third component, PC61BM, was taken into consideration. As seen in Figure 

3.12a, without PCPDTBT, the thin film of P3HT-1/PC61BM (0% PCPDTBT weight 

fraction) showed one scattering halo at q ~ 0.025 A-1, corresponding to a d-spacing of ~25 
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nm. After blending a small amount of PCPDTBT to the thin film, e.g. 5% by weight, the 

scattering at q ~ 0.01 A-1 dominated, which corresponds to the average mesh size of ~60 

nm consistent with the fibrillar network observed by TEM. The shoulder at q ~ 0.025 A-1 

remained, which can be assigned to the fibril-fibril or nanocrystal-nanocrystal separation 

distance within the bundles. The primary scattering peak shifted to lower q and its intensity 

increased with the increasing PCPDTBT concentration; the corresponding domain sizes 

matched well with the mesh sizes in the TEM images. While the secondary peak at q ~ 

0.025 A-1 was still visible. If the concentration of PCPDTBT exceeded 50%, only a weak, 

monotonically decreasing scattering was observed, indicating a uniform mixture. (Figure 

3.12) Given the immiscibility of P3HT and PCPDTBT, these results indicate that PC61BM 

acts to solubilize both components.  

 

Figure 3.12. Circularly averaged P-RSoXS profiles for ternary blend thin films of 
P3HT/PCPDTBT/PCBM or binary references at 284 eV horizontally polarized x-ray beam.  
(a) The profiles are not shifted. (b) The profiles are shifted to show each curve clearly. 
 

a b 
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Figure 3.13. P-RSoXS pattern and sector averaged profiles for post-annealed thin film of 
P3HT/PCBM (1/1) (a,b) or ternary blend (3/1/4) (c-f) at horizontally polarized x-ray beam. 
 
 

285.4 eV 

a. P3HT/PCBM 

b 

285.4 eV 

e. ternary  

284.6 eV

d. ternary  

284 eV 

c. ternary  

f 
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 Although it has already been shown that P3HT crystallized and that phase 

separation occurred in both P3HT/PCBM and the ternary blend thin films, it is surprising 

that the shape of the scattering pattern changed completely. P3HT/PCBM showed an 

almost isotropic scattering pattern in the tested range of 283.4 eV to 287 eV (Figure 3.13a, 

b); while anisotropic scattering patterns were observed for the ternary blend with 25% 

PCPDTBT and the direction of enhancement varied with the beam energies. (Figure 3.13c-

f) Again, the sample itself was isotropic and the direction of the intensity enhancement for 

the scattering patterns was dependent on the x-ray polarization direction. (Figure 3.14) This 

implies that PCPDTBT influenced the orientation and ordering of the P3HT chains.  

   

 

 

a. 284 eV b. 284.6 eV c. 285.4 eV 

d. 284 eV e. 284.6 eV f. 285.4 eV 



63 
 

 

Figure 3.14. P-RSoXS scattering patterns and sector averaged profiles for P3HT-1 
/PCPDTBT/PCBM  thin film (3/1/4), spin-coated by CB, pre-annealed with horizontally 
(a-c, g) or vertically (d-f, h) polarized x-ray beam. 
 
  

The data presented support an argument that P3HT crystallizes in a manner that 

was previously described by Strobl for a wide range of flexible polymers.51-53 Upon spin 

coating, the polymers and PCBM are kinetically trapped in a mixed state. For P3HT/PCBM 

thin film, when thermal annealing was applied, P3HT initially nucleate with a random 

orientation of the crystals. With time, these unoriented P3HT nanocrystals were linked 

together to form the interpenetrating domains of P3HT fibrils. The scattering arising from 

this morphology would be independent of the polarization direction of the x-ray beam.  

In the case of the ternary blend, P3HT and PCPDTBT are immiscible, which 

confines the nucleation and crystallization of the P3HT. The P3HT nanocrystals were 

aligned along the (010) direction due to the strong �Œ-�Œ stacking interactions. The fibrils 

were formed with the conjugated plane perpendicular to the long axis of the fibril. (Scheme 

3.3) With 285.4 eV horizontally polarized x-rays, horizontally aligned transition dipole 

moments of P3HT, or, the P3HT fibrils with horizontal long axis, were highlighted. This 

g h 
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would give rise to an anisotropic scattering profile with lobes of scattering along the 

vertical with a maximum characteristic of the mesh size of the network. With 284 eV x-

rays, at the absorption edge characteristic of PCPDTBT, the scattering pattern was found 

to be enhanced horizontally. This can only be explained if the conjugated plane of 

PCPDTBT is oriented, on average, orthogonal to that of P3HT. Since PCPDTBT is 

amorphous and mixed with PCBM and remaining amorphous P3HT in the interfibrillar 

areas, the maximum in the scattering appeared at the same scattering as that for P3HT.  

 

 
Scheme 3.3. Schematic representation for the orientation of P3HT nanocrystals within the 
fibrils in thin film of P3HT/PCBM or the ternary blend. 
 

 
A close examination of the TEM images for P3HT fibrils (Figure 3.6) in this study 

and some other studies reported show a granularity of the fibrillar structures, which is 

consistent with the association of nanocrystals.52 The modulations in the fibrils in 

P3HT/PCBM film were relatively large. With increasing PCPDTBT concentration, the 

confinement of PCPDTBT on P3HT became greater, so the fibrillar structure became better 

defined and the nanocrystals within the fibrils showed the better orientation. The fibrillar 

structures were clearer and the fibrils grew longer in TEM images and the variations 

between the horizontal and vertical directions in the scattering patterns became more 

pronounced. (Figure 3.15). 

P3HT/PCBM ternary 
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Figure 3.15. Sector averaged (±2o) P-RSoXS profiles for ternary blend thin film of P3HT-
1/PCPDTBT/PCBM with different PCPDTBT weight fractions at (a) 285.4 eV or (b) 284 
eV horizontally polarized x-ray beam. 
 
 

3.3.1.4 Relationship between Morphology and Device Performance 

The combined GIXD, TEM and P-RSoXS results clearly showed that the multi-

length-scale morphology was generated if a small amount of PCPDTBT was blended into 

the P3HT/PC61BM matrix, CB was chosen as the solvent for spin-coating and thermal 

annealing was performed. Due to the immiscibility of PCPDTBT and P3HT, P3HT 

crystallized under the confinement of amorphous PCPDTBT. And the well-defined P3HT 

fibrils formed the bundles and generated the percolating network. 

Consequently, the ternary blend solar cell mimics a tandem cell connected in 

parallel. Bundles of P3HT fibrils with PCBM and/or amorphous PCPDTBT filling in the 

gaps could be considered as one kind of the “sub-cell”; while another kind of “sub-cell” is 

the amorphous region mainly containing PCPDTB/PCBM and, most likely, some 

amorphous P3HT. Since the domain sizes were comparable with the thickness of the active 

a b 
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layer, these “sub-cells” can be thought to have roughly the same thickness and share the 

same electrodes. Therefore, the spectroscopic response was extended into a broader range 

of the solar spectrum, and the resultant Jsc value would be the sum of the Jscs of the 

individual sub-cells. Furthermore, some PCPDTBT chains must stay at the interface 

between the P3HT fibrils and the amorphous region, suggested by their confinement on 

P3HT crystallization. This acts as a photosensitizer that bridges the charge transfer between 

P3HT and PCBM efficiently, as reported by Koppe et al.15  Both of the above two factors 

lead to the greater Jsc values relative to the P3HT/PC61BM references. (Table 3.2 and Figure 

3.16) However, the loss in FF due to the incorporation of PCPDTBT led to the slightly 

lower PCE for the ternary blend solar cell compared with P3HT/PCBM cell. In addition, 

by increasing the thickness of the ternary blend solar cell to by ~54% (from 130 nm to 200 

nm), the Jsc and PCE can be further increased by ~13% and ~20%, respectively. (Table 3.2)  

 

Table 3.2. Device performance for the ternary blend solar cells based on P3HT-
1/PCPDTBT/PCBM and the binary references. 
 

 Voc (V) Jsc (mA/cm2) Fill Factor 
(%) 

Efficiency 
(%) 

PCPDTBT/PCBM (1:1) 0.66 5.36 36.81 1.31 

P3HT/PCPDTBT/PCBM 
(1:3:4) 0.63 4.85 37.50 1.16 

P3HT/PCPDTBT/PCBM 
(2:2:4) 0.64 4.52 37.81 1.10 

P3HT/PCPDTBT/PCBM 
(3:1:4) 0.61 7.40 47.91 2.16 

P3HT/PCPDTBT/PCBM 
(3:1:4) 

(~200 nm thick) 
0.61 8.38 50.97 2.60 

P3HT/PCBM (1:1) 0.58 6.56 62.57 2.40 
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Figure 3.16. Summary for the device performance of the ternary blend solar cells with 
different blending ratio of the two polymers. 
 

 
As for the ternary blend solar cells with higher contents of PCPDTBT, the 

crystallinity of P3HT was suppressed, the percolation network of P3HT fibrils was lost and 

the three components intimately mixed. Thus the charge recombination became serious and 

the device performance deteriorated as seen in Table 3.2 and Figure 3.16. 

 

3.3.2 Influence of Thermal Annealing Time 

3.3.2.1 Morphology Evolution 

The evolution of the morphology was monitored as a function of thermal annealing 

time to clarify the driving force for the generation of the multi-length-scale morphology. 

GIXD profiles for the ternary blend with 25% PCPDTBT and P3HT/PC61BM reference 

showed that the crystallization of P3HT is rapid in both cases. (Figure 3.17) For the as-

spun P3HT/PC61BM thin film, the P3HT OOP (100) peak was evident. After a short-time 

thermal annealing, the diffraction peak shifted slightly to a higher q and sharpened, 
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indicating a closer packing between the main chains, the larger crystal size and greater 

crystallinity. Further annealing did not change the reflection significantly. As for the 

ternary blend, the as-spun thin film did not show any P3HT diffraction peaks, indicating 

the crystallinity of P3HT was totally suppressed. But the diffraction peaks appeared after 

30 s annealing, then the peak position remained constant and crystal sizes were roughly the 

same with further annealing.  

 

Figure 3.17. GIXD OOP (a) or IP (b) profiles for thin film of P3HT-1/PCBM (1/1) and 
P3HT-1/PCPDTBT/PCBM (3/1/4) spin-coated by CB and post-annealed for a different 
time.  (c) is the summary for P3HT OOP (100) peak position and crystal size. 

(a) (b) 

(c) 
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However, the development of the average domain size was different for the ternary 

blend and the binary reference. As seen in the P-RSoXS profiles (Figure 3.18), for 

P3HT/PC61BM, intensity of the peak increased significantly after 30 s of annealing and 

shifted to a smaller q with a characteristic spacing of ~25 nm. Subsequent annealing for up 

to 2 h did not change the scattering significantly. For the ternary blend, the as-spun film 

showed a weak and monotonically deceasing scattering profile, indicating a uniform 

mixing of the three components. After 30 s of annealing, a broad shoulder is observed with 

a spacing corresponding to several of tens of nanometers. After 180 s of annealing, the two 

scattering peaks are clearly evident, where the primary peak corresponds to the mesh size 

of the network of P3HT fibrils. This reflection gradually shifted to the lower q and 

increased in intensity with longer annealing times. The secondary peak, with a 

characteristic distance of ~25 nm, corresponding to the fibril-fibril or nanocrystal-

nanocrystal separation distance, remained unchanged with different annealing time. In 

addition, all the scattering patterns for the annealed ternary blend were anisotropic, 

indicating that the confinement of PCPDTBT starts from the beginning of P3HT crystal 

growth.  

The development of the domains is also evident in the TEM images (Figure 3.19). 

The morphology for P3HT/PC61BM reference did not change much after thermal annealing. 

As for the ternary blend thin films, an increasing number of fibrils is seen with the 

increasing thermal annealing time and a better defined network of fibril bundles is seen 

after 180 s of annealing. 
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Figure 3.18. P-RSoXS circularly averaged profiles (284 eV, horizontally polarized x-ray 
beam) for thin film of P3HT-1/PCBM (1/1) (a) and P3HT-1/PCPDTBT/PCBM (3/1/4) (b) 
spin-coated by CB and post-annealed for a different time.   
 

 

(a) (b) 

(a1) (a2) (a3) 

(a4) (a5) (a6) 
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Figure 3.19. BF-TEM images for the thin film of P3HT-1/PCBM (1/1) (a) and P3HT-1 
/PCPDTBT/PCBM (3/1/4) (b) post-annealed for a different time. The scale bar is 500 nm.   
 

 

3.3.2.2 Relationship between Morphology and Device Performance 

It has been reported that the rapid crystallization of P3HT is the driving force for 

the phase separation of the binary blend thin film. PC61BM is miscible with P3HT and has 

a rapid diffusion rate at 150 oC.54,55 Consequently, the evolution of the morphology of 

P3HT/PC61BM is quite fast and the P3HT crystallites are linked together with random 

orientation. As shown in Table 3.3 and Figure 3.20, the Jsc for P3HT/PCBM solar cell 

jumped to a large value after 30 s of thermal annealing, then continued to increase slightly, 

reaching a maximum after 30 m of annealing. 

 

(b1) (b2) (b3) 

(b4) (b5) (b6) 
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Table 3.3. Device performance for the ternary blend solar cells and binary references as a 
function of thermal annealing time. 
 

  Voc (V) Jsc 
(mA/cm2) 

Fill Factor 
(%) 

Efficiency 
(%) 

P3HT/PCBM (1:1) 

as-spun 0.64 0.67 33.20 0.14 

post-30 s 0.58 6.28 54.32 1.98 

post-3 min 0.58 6.15 62.30 2.22 

post-10 min 0.58 6.56 62.57 2.40 

post-30 min 0.58 6.74 63.52 2.48 

post-2 h 0.58 6.43 62.13 2.30 

P3HT/PCPDTBT/
PCBM (3:1:4) 

as-spun 0.55 1.53 35.54 0.30 

post-30 s 0.63 5.32 51.61 1.73 

post-3 min 0.61 7.14 47.80 2.08 

post-10 min 0.61 7.40 47.91 2.16 

post-30 min 0.61 7.70 46.28 2.17 

post-2 h 0.60 8.07 50.11 2.45 

PCPDTBT/PCBM 
(1:1) 

as-spun 0.49 5.03 37.91 0.93 

post-30 s 0.58 5.09 35.51 1.05 

post-3 min 0.66 5.35 37.08 1.31 

post-10 min 0.66 5.36 36.81 1.31 

post-30 min 0.65 5.32 35.80 1.24 

post-2 h 0.64 5.41 36.32 1.27 
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Figure 3.20. Jsc (a) and PCE (b) for the ternary blend solar cells based on P3HT-1 
/PCPDTBT/PCBM (3/1/4) and binary references post-annealed for a different time.  
 
  

With the addition of a small amount of PCPDTBT (~25% weight fraction), the 

P3HT chains still form crystallites rapidly, which acted as one driving force for phase 

separation. This is coupled with the inherent phase separation between P3HT and 

PCPDTBT that put the confinement on the P3HT crystallization to form long fibrils with 

oriented crystal blocks and promote the further segregation to generate the network of fibril 

bundles and PCPDTBT/PCBM-rich amorphous region. The slow dynamics of domain 

growth and purification resulted in the gradually increased Jsc for the ternary blend solar 

cell as a function of annealing time within 3 min. After being annealed for at least 3 min, 

the percolating networks of bundles of P3HT fibrils formed, leading to the greater Jsc values 

relative to the P3HT/PC61BM references as discussed before (Figure 3.20a).  

Compared to the P3HT/PC61BM reference, the morphology of the ternary blend 

showed better stability because of the slow domain development and the miscibility of 

PCPDTBT with PC61BM in the amorphous region. Large PC61BM aggregations could be 

(a) (b) 
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observed by optical microscopy (OM) for the P3HT/PC61BM thin film after 2 h of thermal 

annealing, while no aggregation of the PC61BM was seen for the ternary blend thin film 

(Figure 3.21). So the Jsc for P3HT/ PC61BM cell decreased slightly after 2 h of annealing. 

While the Jsc for the ternary blend cell continued to increase. Finally, the gain in Jsc was 

greater than the drop in the FF, resulting in an efficiency that was higher than the binary 

references.  

 

 
Figure 3.21. OM images for thin film of P3HT/PCPDTBT/PCBM (3/1/4) (a) and 
P3HT/PCBM (1/1) (b) post-annealed for 2 hours. 
 
 
3.3.3 Influence of Molecular Weight of P3HT 

3.3.3.1 Device Performance 

It is well known that the crystallinity of P3HT is closely linked to its molecular 

weight.23-33 Therefore, two other P3HTs, P3HT-2 and P3HT-3, were used to generate the 

ternary blend solar cells. By varying the molecular weight and PDI, it is expected that the 

ratio between the amorphous region and crystalline region can be changed. 

The details of P3HTs are listed in Table 3.1 in the experimental section. The weight 

(a) (b) 
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ratios for P3HT/PCPDTBT/PCBM were kept to be 3/1/4. The fabrication procedures for 

the devices were kept the same, i.e. spin-coating from chlorobenzene (CB) post-annealed 

at 150 oC for 10 minutes. The device performances are summarized in Table 3.4. 

 

Table 3.4. Device Performance for the ternary blend solar cells and binary references with 
different molecular weight of P3HT. 
 

Blending ratio of 

P3HT/PCPDTBT/PCBM 
Voc (V) Jsc (mA/cm2) Fill Factor 

(%) 
Efficiency 

(%) 

[P3HT-1] 1/0/1 0.58 6.56 62.57 2.40 

[P3HT-1] 3/1/4 0.61 7.40 47.91 2.16 

[P3HT-2] 1/0/1 0.54 6.78 65.17 2.40 

[P3HT-2] 3/1/4 0.59 9.43 54.65 3.02 

[P3HT-3] 1/0/1 0.61 6.86 56.66 2.37 

[P3HT-3] 3/1/4 0.65 3.80 48.12 1.19 

0/1/1 0.61 5.06 36.81 1.13 

 

Though the solar cells based on P3HT/PCBM with different P3HT molecular 

weights showed the similar PCE values, the resultant device efficiencies after corporating 

PCPDTBT were totally different. The data related to P3HT-1 have been reported in the 

former section. Compared with P3HT/PCBM reference, the ternary blend solar cell based 

on P3HT-1 showed an increase of Jsc but a decrease of FF value after 10-minute post-

annealing, leading to a slightly decreased PCE value. P3HT-2 has slightly lower molecular 

weight and narrower PDI. The ternary blend solar cell based on P3HT-2 also showed the 

enhanced Jsc and decreased FF value relative to P3HT-2/PCBM cell. The gain of Jsc 
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overcompensated the loss of FF, resulting in the increased device efficiency. As for P3HT-

3 with relatively low molecular weight, blending PCPDTBT led to the decrease for not 

only FF value, but also the Jsc value, so the device performance deteriorated. According to 

some literatures, adding a small amount of PCPDTBT into P3HT/PCBM blend resulted in 

the improvement of device performance.15 But we also noticed that there are some 

exceptions reported. Li et al. did not observed the absolute improvement of the device 

performance for the ternary solar cells.22 Hu et al. claimed the lowered Jsc, FF and PCE 

relative to the P3HT/PCBM reference.16 It is possible that different batches of polymers 

were used; and the blending ratio or processing conditions might not be exactly the same, 

though all the active layers were coated by the single good solvent and thermal annealed. 

For our experiments, we kept the processing conditions the same but varied the P3HT 

polymers only. The different device performances of the ternary blends suggested that the 

variations of the physical properties of P3HT and its interaction with PCPDTBT and 

PCBM may lead to a variety of morphologies for the corresponding ternary blends. 

 

3.3.3.2 Crystallinity of P3HT 

GIXD was used to study the crystallinity of P3HT with different molecular weights 

when blending with PCPDTBT and PCBM. Similar to the GIXD results for the thin films 

of P3HT-1/PCPDTBT, the OOP and IP GIXD profiles for the thin films of the polymer 

blends based on P3HT-2 or P3HT-3 clearly displayed both P3HT and PCPDTBT OOP (100) 

peaks. (Figure 3.22) Again, the peak positions did not shift and the peak intensities were 

dependent on the ratio of each component. This suggested that in a broad range of P3HT 

molecular weight, P3HT and PCPDTBT could not co-crystallize and they should be 
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immiscible and phase separate.  

Figure 3.22. GIXD OOP and IP profiles for thin film of pure polymer or polymer mixtures 
based on P3HT-2 (a, b) or P3HT-3 (c, d). 
 
 

After blending with PC61BM, the crystallinity of P3HT was suppressed with 

increasing amount of PCPDTBT. Although the weakening of P3HT (100) peaks were not 

obvious for P3HT/PCPDTBT/PCBM blend with 3/1/4 weight ratio, the reduction of 

diffraction peaks were evident for the blend with 1/1/2 ratio. Moreover, when comparing 

the ternary blends with 1/1/2 ratio, the extent of weakening was different. As seen in Figure 

(a) (b) 

(c) (d) 
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3.2c, P3HT OOP (100) peak based on P3HT-1 is very weak. For the thin film based on 

P3HT-2, the P3HT OOP (100) diffraction peak can be clearly observed. (Figure 3.23) The 

crystallinity of P3HT-2 was least influenced after blending with PCPDTBT and PCBM. 

While for P3HT-3, no diffraction peak can be observed at the same position; it means the 

crystallinity of P3HT-3 was totally suppressed. Thus we can conclude that the reduction of 

the P3HT crystallinity by mixing with PCBM and PCPDTBT followed such sequence: 

P3HT-2 < P3HT-1 < P3HT-3.  

Figure 3.23. GIXD OOP and IP profiles for the ternary blend thin films or binary references 
based on P3HT-2 (a, b) or P3HT-3 (c, d). 

 

(a) (b) 

(c) (d) 
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It has been reported that with the increase in P3HT molecular weight, the ratio of 

the amorphous region to the crystalline lamellae will increase and the miscibility between 

P3HT and PCBM will increase as well.28-33 However, it is surprising that the phase 

behavior for the ternary blend is more complicated. The three components remained in the 

amorphous state and mixed intimately after spin-coating due to the fast evaporation of good 

solvent. Compared with the binary blend of P3HT/PCBM, PCBM diffuses more slowly in 

the ternary blend due to the presence of PCPDTBT when thermal annealed at 150 oC. 

Therefore, the morphology was kinetically trapped and developed slowly. It seems that 

more impact was made on the chain mobility of P3HT with Mn ~ 19k by blending with 

PCPDTBT and PCBM, resulting in the lower crystallinity in the corresponding ternary 

blend. As for the other two P3HT with Mn ~ 30k, the slight difference might come from 

the distribution of molecular weight. In addition, the phase diagram of the ternary blend 

with the different molecular weights need to be studied. 

 

3.3.3.3 Degree of Phase Separation 

The degrees of phase separation for the ternary blends with typical weight ratio of 

3/1/4 were determined by P-RSoXS. Here, the transmission geometry was taken. The 

incident x-ray beam is normal to the film surface and the scattering vector is in the plane 

of the film. By applying horizontally polarized x-ray beam and varying the beam energy to 

284 eV, the thin film of P3HT-2/PCPDTBT/PCBM showed the anisotropic pattern with the 

lobes of scattering along the horizontal direction. (Figure 3.24) However, the scattering 

enhancement was switched to the vertical direction when the beam energy was changed to 

285.4 eV and kept horizontally polarized. And the anisotropy was lost at 284.6 eV. These 
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observations were consistent with those for the thin film of P3HT-1/PCPDTBT/PCBM. 

(Figure 3.13c-f) It suggests that P3HT-2 crystallized under the confinement of amorphous 

PCPDTBT. The P3HT-2 fibrils consisted of the oriented nanocrystals, which were merged 

together along the (010) direction. However, for the ternary blend thin film of P3HT-3 

/PCPDTBT/PCBM, the scattering intensity was really weak; the anisotropy of the 

scattering pattern is not clear. (Figure 3.25)  

 

 
Figure 3.24. P-RSoXS patterns (a-c) and sector averaged profiles (d) for P3HT-
2/PCPDTBT/PCBM (3/1/4, post-annealed) with horizontally polarized x-ray beam. 

 

a.��284��eV b.��284.6��eV 

c.��285.4��eV d 
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Figure 3.25. P-RSoXS patterns (a-c) and sector averaged profiles (d) for P3HT-3 
/PCPDTBT/PCBM (3/1/4, post-annealed) with horizontally polarized x-ray beam. 

 
 
 The circularly averaged scattering profiles were plotted in Figure 3.26 and the 

domain spacings for the different samples can be compared. All of the three curves showed 

the scattering shoulders at q ~ 0.025 A-1, corresponding to the fibril-fibril or nanocrystal-

nanocrystal correlation. Besides that, the ternary blend thin film for P3HT-2/PCPDTBT 

/PCBM displayed the strong scattering maximums at q ~ 0.0068 A-1, which corresponds to 

the d-spacing of ~ 90 nm. The scattering maximum for the thin film of P3HT-1/PCPDTBT 

/PCBM appeared at q ~ 0.0044 A-1, corresponding to the larger domain size of ~ 140 nm. 

For the ternary blend based on P3HT-3, a bump with relatively low intensity can be 

a.��284��eV b.��284.6��eV 

c.��285.4��eV d 
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distinguished in the low q region, suggesting the loss of the multi-scale length morphology.  

 

Figure 3.26. Circularly averaged P-RSoXS profiles (284 eV) for the thin films of 
P3HT/PCPDTBT/PCBM (3/1/4) with different molecular weights of P3HT. 
 

 

 

Figure 3.27. BF-TEM images for the thin films of P3HT/PCPDTBT/PCBM (3/1/4) with 
different molecular weights of P3HT. The scale bar is 500 nm. 

 
 
The above ternary blend thin films were measured by TEM as well. As shown in 

Figure 3.27, P3HT fibrils were formed in all ternary blend thin films with different P3HT 

P3HT�r2 P3HT�r1 P3HT�r3 
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molecular weights, indicated by the bright areas. This is consistent with the GIXD results 

showing P3HT is crystalline. These fibrils aggregated to form bundles and the percolating 

networks were clearly shown for the thin films based on P3HT-1 or P3HT-2. The separation 

distance for the fibrils within the bundles agreed with the d-spacing of the scattering 

shoulder in the high q region; and the mesh size of the fibrillar network matches well with 

the domain size shown by the scattering maximum in the low q region. Meanwhile, the 

fibrils looked shorter in thin film of P3HT-2/PCPDTBT/PCBM compared with those of 

P3HT-1/PCPDTBT/PCBM, which gave a network with smaller mesh size. For the thin film 

of P3HT-3/PCPDTBT/PCBM, only a few long fibrils can be seen, and the network 

structure is indistinct. These P3HT fibrils were separated by the amorphous region, the dark 

area in TEM images, which contained amorphous PCPDTBT, PCBM and the residue 

amorphous P3HT. Therefore, the sequence for the mesh size of the fibrillar network can be 

summarized as P3HT-2 < P3HT-1 < P3HT-3. In other words, the network density or the 

interfacial area follows this sequence:  P3HT-2 > P3HT-1 > P3HT-3. 

 

3.3.3.4 Key Factors for Success of Ternary Blend Solar Cell 

Taken together, the morphologies of the ternary blend solar cells can be linked with 

their device performance. First of all, both the crystallinity of P3HT and the degree of phase 

separation for the ternary blend are very important. And these two factors are closely 

related to each other. With relatively high molecular weight of P3HT, its crystallinity can 

be preserved as much as possible after blending with PCPDTBT and PCBM. The high hole 

mobility can be achieved.56-60 Moreover, once P3HT crystallized, less amorphous P3HT 

would be left in the amorphous region and the domain purity would be higher, leading to 
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the reduced chance for charge recombination. As a result, the percolating network was 

generated, the overall morphology of the ternary blend solar cell would look like two kinds 

of “sub-cells” connected in parallel as mentioned before. The parallel-like charge transfer 

can be realized and the device efficiency is expected to show linear dependence on the 

weight ratio of the two donor materials. Secondly, the interfacial area is critical as well. 

There must be some PCPDTBT chains stay at the interface between the amorphous region 

and P3HT fibrils, which acts as the photosensitizer and benefits the cascade charge transfer. 

Larger the interfacial area is, more PCPDTBT stayed at the interface and more chances for 

the cascade charge transfer. This helped the ternary blend solar cell reach to the higher 

efficiency than the superposition of those of the binary references.  

 

3.4 Conclusions 

In summary, we have shown that a multi-length-scale morphology formed for the 

ternary blends of P3HT/PCPDTBT/PC61BM by controlling the blending ratio, thermal 

annealing time and molecular weight of P3HT. If the molecular weight of P3HT is 

moderate, the addition of a small amount of amorphous PCPDTBT preserved the high 

crystallinity of P3HT; and well-defined P3HT fibrils were formed rapidly under 

confinement with a certain orientation due to the immiscibility between P3HT and 

PCPDTBT. These fibrils were segregated from the amorphous region and generated the 

bundles. Thus, the ternary blend solar cells can be considered as a combination of two 

distinct sub-cells connected in parallel, where one sub-cell is rich in P3HT fribrils and 

another rich in PCPDTBT with other amorphous part. The photoresponse of such ternary 

cells covers a broad range of the solar spectra and parallel-like charge transfer exists. In 
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addition, PCPDTBT at the interface of the crystal act as a photosensitizer to benefit the 

cascade charge transfer. The larger the interfacial area is, the more efficient the cascade 

charge transfer is. The two donor polymers worked independently and even synergistically 

to achieve the better device performance relative to the binary references. 
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CHAPTER 4 

MORPHOLOGY STUDY ON TERNARY BLEND SOLAR CELL  

PROCESSED BY PROCESSING ADDITIVE 

 

4.1 Introduction 

As mentioned in Chapter 3, ternary blend solar cells were fabricated to harvest 

more photons and improve the device performance.1-3 Two electron donor materials, that 

cover the complimentary wavelength range of solar spectrum, were blended with 

fullerene derivative. The single active layer geometry is retained and the processing 

procedure is easirer, in comparison to that needed for tandem cells. Great efforts have 

been exerted to find the suitable pair of electron donor materials, whose corresponding 

ternary solar cells show the device efficiency as the superposition of those of the 

individual binary solar cells or even higher. However, not many successful cases have 

been reported.4-11 Among them, the typical example is the ternary system of 

P3HT/PCPDTBT/PCBM spin-coated from single solvent and thermal annealed.5,9,12 It 

has been demonstrated that PCPDTBT not only complements the absorption in the near 

IR region but also acts as a photosensitizer to facilitate the cascade charge transfer 

between P3HT and PCBM.5 

The Voc of the ternary blend solar cells may, though, be limited by the difference 

of the lower HOMOdonor and LUMOacceptor.5 That means the ternary blend solar cell would 

have lower theoretical maximum efficiency than the corresponding tandem cell, even 

though they can absorb the same number of photons as the tandem cell. However, a few 

exceptions were discovered. You et al. reported the ternary systems of 
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TAZ/DTBT/PCBM and DTffBT/DTPyT/PCBM, which showed that the Voc values of 

ternary blend cells was between those of the binary cells.13 The chemical structures are 

shown in Scheme 4.1. PCE of the ternary cells were higher than the binary references at 

almost all blending ratios. Another ternary cell based on P3HT75-co-EHT25/P3HTT-DPP-

10%/PC61BM reported by Thompson et al. also showed the linear dependence of Voc on 

polymer composition.14 Consequently, the idea of parallel-like bulk heterojunction 

(PBHJ) polymer solar cells was proposed.13 (Scheme 4.2) In the PBHJ cell, each domain 

containing one donor component and the acceptor component are considered to be an 

individual sub-cell; each sub-cell can be imagined to be connected in parallel since they 

share the same electrodes. Ideally, the Jsc will be the sum of those of sub-cells and Voc 

will be between those of the sub-cells.  

 

Scheme 4.1. Chemical structures for the polymers used in ternary blend solar cells.13,14  

 

As a result, the choice of materials for ternary blend solar cells is broadened. Any 

combination of the donor materials can be used, as long as they have complementary 

absorptions. There should be no requirement for the cascade energy level and the ratio 
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between the two donor materials can be arbitrary. This in turn means that the morphology 

control will become a pivotal factor in determining the overall performance of the ternary 

blend solar cells. However, morphology studies on this type of system are rare.  

  

 

Scheme 4.2. Schematic structure and energy diagram for PBHJ devices.13  

 

Here we chose P3HT/PCPDTBT/PC61BM ternary blend as the model system 

again. We focused on morphological study and investigated the influence of processing 

additive. Chapter 3 is related to the ternary blend of semi-crystalline P3HT/amorphous 

PCPDTBT/PCBM processed by single solvent and thermal annealed. It was found that 

the degree of ordering and degree of phase separation have great impact on the 

morphology of ternary blend solar cell and device performance as well. In Chapter 4, by 

using processing additive, such as 1,8-diiodooctane (DIO), the crystallinity of both P3HT 

and PCPDTBT can be improved and phase separation between the polymer and PCBM 

can be promoted. We demonstrated the formation of penetrating network of individual 

fibrils and amorphous region. And the morphology correlates well with improved device 

performance, which is independent of the ratio of two donor materials. 
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4.2 Experimental Section 

4.2.1 Materials and Solutions  

P3HT (Mn=31.5k, Mw=40.9k, PDI=1.3) was synthesized according to the 

references.15 [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) was purchased from 

American Dye Source, Inc. PCPDTBT was purchased from 1-material Chemscitech Inc. 

(St-Laurent, Quebec, Canada). All of these materials were used as received and dissolved 

in chlorobenzene. 1,8-diiodooctane (DIO) was purchased from Sigma-Aldrich Co. 2.5% 

volume ratio of DIO was added into the CB solution. All solutions were stirred overnight 

to promote complete dissolution. ~130 nm-thick thin films were prepared by spin-coating 

the solution on the PEDOT:PSS coated substrates. The thickness was determined by 

surface profilometer (Alpha Step IQ). 

 

4.2.2 Device Preparation and Optoelectronic Characterization  

Photovoltaic devices were fabricated by the following structure: glass / indium tin 

oxide (ITO, Thin Film Devices Inc.) / poly(3,4-ethylenedioxythiophene) : polystyrene 

sulphonate (PEDOT: PSS, CLEVIOSTM P VP Al 4083, ~40 nm) / active layer (~130 nm) 

/ Al (~100 nm). The active area is 6 mm2. For post-annealing, the devices were annealed 

with the Al electrodes. All current-voltage (I-V) characteristics of the devices were 

measured under simulated AM1.5G irradiation (100 mW cm-2) using a Xe lamp-based 

Newport 91160 300-W Solar Simulator.  

 

4.2.3 Morphology Characterization 

Grazing Incidence X-ray Diffraction (GIXD): Silicon wafers coated with 
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PEDOT:PSS were used as the substrates. Thin-film preparation procedures for GIXD 

samples were kept the same as for device fabrication. The Al cathode was removed with 

an aqueous CuCl2 solution. GIXD measurements were performed on beamline 7.3.3 at 

the Advanced Light Source at the Lawrence Berkeley National Laboratory. The samples 

were put in the Helium chamber to suppress the air scattering.  

Polarized Resonant Soft X-ray Scattering (P-RSoXS): P-RSoXS experiments were 

performed at soft x-ray scattering beamline 11.0.1.2. at Advanced Light Source (ALS), 

LBNL. The undulator source provides high photon flux and full polarization control with 

energy range of 150 eV - 1500 eV. A variable line space monochromator was used and 

the energy resolution was ~ 0.1 eV near carbon K-edge. The thin film samples were 

floated on the single plot copper grids. Transmission geometry was used for the P-RSoXS 

measurement, and the x-ray beam size at the sample position was ~ 200 ��m x 200 ��m. 

The scattering intensity was detected at different x-ray energies near the carbon K-edge 

with a high-resolution in-vacuum CCD camera (PI-MTE form Princeton Instrument). The 

resulting two-dimensional scattering data were reduced and the sector average or circular 

average profiles were got to obtain intensity at each q. 

Transmission Electron Microscopy (TEM): The thin film samples were floated on 

400 mesh copper grids. Bright field transmission electron microscopy (BF-TEM) was 

performed on samples using a JEOL 2000FX electron microscope operated at 200 kV. 

Energy filtered transmission electron microscopy (EF-TEM) were at the Center for 

Nanophase Materials Sciences, Oak Ridge National Laboratory. The samples were 

examined with a Zeiss Libra 120 equipped with an in-column (Omega) energy filter at 

120kV. Focused ion beam (FIB) was performed in department of materials science and 
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engineering, University of Tennessee, with a Zeiss Auriga dual beam FIB-SEM (5-30kV). 

A final polishing at 10pA/10kV was used to minimize ion beam damage during FIB 

processes and the resultant cross-sectional TEM samples have a thickness of ~70 nm. 

UV-Vis Spectroscopy measurements: UV-Vis spectra were obtained by using a 

Spectrophotometer (Shimadzu UV 3600). The thin film samples were cast onto glass 

substrates.   

 

Figure 4.1. Device performance for the ternary blend solar cells and binary references 
spin-coated by DIO/CB, as-spun (a) or post-annealed (b). 
 
 

4.3 Results and Discussions 

4.3.1 Device Performance 

The polymers and PC61BM were dissolved in DIO/CB mixed solvent, where the 

volume fraction of DIO is 2.5%. The weight ratio between the two polymers varied, 

while the total weight ratio of polymers to PCBM was maintained as 1 to 1. The active 

layers of ternary blend solar cells or binary references were spin-coated from these 

(a) (b) 
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solution. The resultant devices showed improved performance relative to the binary 

references at all tested ratios, as summarized in Figure 4.1 and Table 4.1.  

 

Table 4.1. Device performance for the ternary blend solar cells and binary references 
spin-coated by DIO/CB. 
 

processing 
condition 

blending ratio of 
P3HT/PCPDTBT/PCBM Voc (V) Jsc 

(mA/cm2) 

Fill 
Factor 
(%) 

Efficiency 
(%) 

as-spun 

0/1/1 0.52 12.35 41.51 2.68 

1/3/4 0.45 13.65 41.88 2.60 

1/1/2 0.41 12.89 43.80 2.30 

3/1/4 0.34 11.45 41.24 1.61 

1/0/1 0.25 6.24 39.09 0.62 

post-
annealed 

0/1/1 0.67 10.41 45.88 3.22 

1/3/4 0.63 11.08 46.94 3.26 

1/1/2 0.61 11.18 47.60 3.22 

3/1/4 0.58 10.15 47.48 2.80 

1/0/1 0.56 7.38 60.48 2.50 

 

For the as-spun devices, the Voc values showed a linear dependence on the 

blending ratio of the two donor materials roughly, FFs were constant, and the Jsc and PCE 

values for ternary blend cells were always higher than the weighted sum of binary 

references (indicated by the dash line). The optimal blending ratio is 1/1/2. But it is noted 

that the absolute PCE values for the ternary blend solar cells are lower than the 

PCPDTBT/PCBM cell under the same experimental conditions due to the low Voc and FF 
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values. 

Post-annealing was performed at 150 oC for 10 minutes to improve the contact 

between the active layer and the cathode. After post-annealing, all the FF values 

increased and the Voc values were enhanced significantly. The Jsc for the device based on 

P3HT/PCBM was increased further due to the higher crystallinity, which will be 

demonstrated later. But the Jsc for the device based on PCPDTBT/PCBM decreased, 

resulting from the reduced ordering of PCPDTBT crystals along �Œ-�Œ stacking direction 

and the coarser domains.16 The ternary blend devices still showed the higher Jsc and PCE 

values than the superposition of the binary references mixed with the corresponding 

weight fraction. The optimal blending ratio is 1/1/2 as well. Here the highest PCE value, 

which was obtained from ternary blend solar cell with blending ratio of 1/3/4, was almost 

the same as that of PCPDTBT/PCBM (1/1) cell under the same experimental condition. 

But this value is much higher than that of P3HT/PCBM cell. Considering the prices of 

P3HT and PCPDTBT, it is cost-effective to incorporate PCPDTBT into P3HT/PCBM cell 

to balance the device efficiency. The best performance for the ternary blend solar cell 

spin-coated from DIO/CB solution is better than that spin-coated from a CB solution with 

an optimized blending ratio (3/1/4) due to the significant enhance of Jsc. (Table 4.1) 

 

4.3.2 Crystallinity of Each Component 

UV-vis absorption spectroscopy was used to investigate the crystallinity of 

ternary blend processed by DIO/CB solution. As shown in Figure 4.2, compared with the 

film processed with CB only and thermal annealed, the P3HT/PCBM thin films 

processed by DIO/CB mixture before and after thermal annealing all show more 
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pronounced absorption peaks at around 554 and 603 nm in addition to the peak at around 

520 nm. While the maximum absorption peak for the as-spun PCPDTBT/PCBM thin film 

red-shifted from 740 nm, if processed by CB only, to 790 nm, if DIO was added. Then it 

blue-shifted to 772 nm after post-annealing. Although the annealing procedures decreased 

the �Œ conjugated length for PCPDTBT slightly, overall, the high crystallinity of both 

P3HT and PCPDTBT was achieved by using DIO with or without thermal annealing 

treatment.16-20 While the absorption spectrum for the ternary thin film was similar to the 

superposition of absorption spectrum of individual component. The absorption peaks 

appeared at the same positions as the binary references, indicating the high degree of 

ordering and the same form of crystals. And the intensities were roughly consistent with 

the concentration of each component, suggesting that the ternary blend might be a 

mixture of individual component according to the blending ratio. The two donor 

materials should phase separate. 

 

(a) (b) 
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Figure 4.2. Normalized UV-vis absorption spectra for the ternary blend thin films and 
binary references spin-coated by DIO/CB, as-spun (a) or post-annealed (b). Normalized 
UV-vis absorption spectra for the ternary blend thin films and binary references spin-
coated by CB and post-annealed (c). 

(c) 

(e) (f) (c) (d) 

(b) (a) 



 

99 
 

Figure 4.3. GIXD OOP or IP profiles for the ternary blend thin films and binary 
references spin-coated by DIO/CB, as-spun (a-d) and post-annealed (e-h). 
 
 

Grazing incidence x-ray diffraction (GIXD) results revealed the similar 

phenomena as UV-vis spectra. As shown in Figure 4.3a-b, the as-spun P3HT thin film 

processed by DIO/CB showed the sharp OOP (h00) peaks at q ~ 0.38 A-1, 0.77 A-1 and 

1.16 A-1. The as-spun PCPDTBT thin film showed the sharp PCPDTBT OOP (100) peak 

at q ~ 0.54 A-1. Both polymer thin films showed the clear IP (010) peaks at q ~ 1.63 A-1. 

The above observations suggested the ordered packing for either P3HT or PCPDTBT 

chains and the edge-on orientation dominated.21-26 After thermal annealing was applied 

(Figure 4.3e-f), the P3HT OOP (100) peak remained in the same position but becomes 

(g) (h) 

(e) (f)
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sharper, indicating larger crystal size and higher crystallinity; and the PCPDTBT OOP 

(100) shifted to q ~ 0.57 A-1, suggesting the denser packing for the alkyl chains.21-26 

While in GIXD profiles for the thin films of P3HT/PCPDTBT with different blending 

ratios, all the peaks assigned to either P3HT or PCPDTBT are clearly discernable. The 

intensity variations for either OOP or IP (h00) peaks are dependent on the blending ratio; 

and the intensity of the peak at q ~ 1.63 A-1 kept constant. Therefore, we can conclude 

that P3HT and PCPDTBT crystallized individually if spin-coated from DIO/CB solution. 

After blending PCBM with the polymers, a broad peak at q ~ 1.4 A-1 appeared, 

which can be assigned to the form factor of PCBM.27 In addition to this, all the other 

peaks belong to P3HT or PCPDTBT can still be found and the intensities did not 

decrease, even for the ternary blend. (Figure 3c, d, g, h) It suggests that the two polymers 

crystallized without the disturbing of PCBM. Again, the intensities of the (h00) peaks are 

linearly related to the blending ratio for each component. This revealed that when DIO 

was added, no matter thermal annealing was performed or not, both P3HT crystals and 

PCPDTBT crystals formed and were mixed together with PCBM according to their 

blending ratio. 

 

4.3.3 Degree of Phase Separation 

The formation of crystals was confirmed by bright field TEM (BF-TEM) images 

as well. For either as-spun or annealed P3HT/PCBM or PCPDTBT/PCBM thin films 

processed by DIO/CB (Figure 4.4), the fibrillar structure was evident as seen by the 

bright worm-like structures. The PCPDTBT/PCBM film was quite smooth. While the 

large dark area in the P3HT/PCBM film can be attributed to the thickness variation or the 
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preferential aggregation of one component. The TEM image of the as-spun ternary blend 

thin film of P3HT/PCPDTBT/PCBM showed the fibrillar structures as well. It suggested 

that the ternary blend thin films were consisted of the mixtures of P3HT and PCPDTBT 

fibrils. 

 

 
 
Figure 4.4. BF-TEM images for as-spun thin films of P3HT/PCPDTBT/PCBM and 
binary references spin-coated by DIO/CB. The scale bar is 200 nm. 

 

P3HT/PCBM 3/1/4  

1/1/2  1/3/4  PCPDTBT/PCBM 
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Figure 4.5. EF-TEM/EELS mapping for the as-spun thin film of P3HT/PCPDTBT/ 
PCBM (1/1/2) spin-coated by DIO/CB. The scale bar is 200 nm.  
 
  

The typical thin film sample for the ternary blend (1/1/2) was also measured by 

energy filtered transmission electron microscopy (EF-TEM), using a method based on the 

low eV (15-40eV) plasmon responses of the polymer and PCBM.28 19 eV was used to 

image P3HT and PCPDTBT; and 30 eV was used to image PCBM. Here we could not 

distinguish P3HT from PCPDTBT, because the characteristic plasmon loss peak for 

P3HT is very close to that for PCPDTBT, as measured in our electron energy loss 

spectroscopy experiments. The zero-loss mapping (0±4eV) image (Figure 4.5a) for the 

a. 0 eV b. 19 eV 

d. thickness map c. 30 eV 
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ternary blend with the ratio of 1/1/2 looked similar to the BF-TEM image. In 19±4 eV 

image (Figure 4b), the fibrillar structure of the polymers was clearly seen as indicated by 

the bright areas. And the small dark areas are assigned to the PCBM-rich domains. The 

fibrils were evenly dispersed in the thin film and separated by the PCBM-rich domains. 

The large scaled dark areas could still be observed due to the thickness variation, which is 

suggested by the thickness map (Figure 4d). It is also possible that certain component 

preferentially aggregated, resulting in this thickness variation. Although we could not 

distinguish P3HT fibrils from PCPDTBT ones, we assume that they two should be 

dispersed randomly in the thin film. Because all the components were pre-mixed well in 

the solution; and according to the previous report, the fibrils formed during drying 

process before the films were completely dried.16,20 The residue amorphous polymer 

chains along with PCBM should fill in the gap among these fibrils.  

In addition, thermal annealing did not change the morphology significantly; the 

random distribution of the polymer fibrils were remained as seen in Figure 4.6 and 4.7. 
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Figure 4.6. BF-TEM images for the post-annealed thin films of P3HT/PCPDTBT/PCBM 
and binary references spin-coated by DIO/CB. The scale bar is 200 nm. 
 
 

Resonant soft x-ray scattering (RSoXS) is another powerful tool to probe the 

morphology of the ternary blend thin film. By adjusting the x-ray beam energy to the 

absorption edge characteristic to a certain chemical bond, the contrast among the different 

components will be enhanced and the specific component will be highlighted.29-33 We 

conducted scattering experiments by varying the beam energy of x-ray from 283.5 eV to 

286 eV, which covered the carbon-carbon 1s to �Œ* resonances of P3HT, PCPDTBT and 

PCBM.34 However, the scattering profiles acquired in this range with the interval of 0.1 

eV showed the scattering maximums and shoulders at the same q values but in different 

intensities. Probably, the energy we used here is both sensitive to P3HT and PCPDTBT; 

or it is more possible that the domain spacing for the P3HT-rich domains or PCPDTBT-

1/3/4  PCPDTBT/PCBM 

P3HT/PCBM 3/1/4  1/1/2  
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rich domains are quite similar. 

 

 
Figure 4.7. EF-TEM/EELS mapping for the post-annealed thin film of P3HT/PCPDTBT 
/PCBM (1/1/2) spin-coated by DIO/CB. The scale bar is 200 nm.   
 
 

The total scattering intensity is proportional to the contrast between domains,35,36 

so the typical profiles at 284 eV showing strong scattering were chosen and plotted in 

Figure 4.8. For the as-spun thin film of P3HT/PCBM, the scattering maximum at q ~ 

0.002 A-1, corresponding to the d-spacing of ~ 300 nm, was attributed to the thickness 

variation or the large aggregation. The shoulder at q ~ 0.03 A-1, corresponding to the d-

spacing of ~ 20 nm, was assigned to the fibril-fibril correlation. The as-spun thin film of 

PCPDTBT/PCBM showed only one scattering maximum at q ~ 0.009 A-1 related to the 

fibril-fibril correlation, which covered a broad range of tens to hundreds of nanometers. 

d. thickness map 

a. 0 eV 

c. 30 eV 

b. 19 eV 
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The scattering profiles for the as-spun ternary blend thin films looked similar to the 

superposition of those of the binary references. The scattering maximum in the low q 

region shifted to the lower q value and weakened with increasing concentration of 

PCPDTBT; the shoulder in the high q region still existed between the q values for P3HT 

and PCPDTBT and became broader with increasing PCPDTBT concentration. After 

annealing was performed, the distribution of the domains did not change a lot. The 

scattering profiles for the post-annealing samples looked quite similar to those of as-spun 

samples. 

 

Figure 4.8. Circularly averaged RSoXS profiles (284 eV) for the as-spun (a) or post-
annealed (b) ternary blend thin films and binary references. 
 
 
 
4.3.4 Relationship between Morphology and Device Performance 

All the above measurements supported that the crystallinity and phase behavior of 

the ternary blend thin film spin-coated by DIO/CB is similar to the superposition of those 

of the binary references. The overall morphology of the ternary system can be roughly 

(b) (a)
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considered as a mixture of individual PCPDTBT and P3HT fibrils, which is completely 

separated by PCBM-rich amorphous region. (Scheme 4.3) DIO has already been 

demonstrated to be a non-solvent for P3HT or PCPDTBT but a good solvent for 

PCBM.16,20,37 During the drying process, the solvent environment deteriorated for both 

P3HT and PCPDTBT, because CB evaporate first, then followed by DIO. It will promote 

the aggregation and crystallization of the polymers, but PCBM will remained dispersed 

and filled in the gap until the film was dried.  

 

 

Scheme 4.3. Schematic representation of P3HT/PCPDTBT/PCBM ternary blend thin 
film spin-coated by DIO/CB. (Red color for P3HT, green color for PCPDTBT and black 
color for PCBM.) 

 
 
Therefore, the parallel-like polymer solar cell was constructed. The P3HT fibrils 

with the surrounded amorphous region can be imaged as one sub-cell; and the PCPDTBT 

fibrils with the amorphous region can be considered as another sub-cell. The two kinds of 

sub-cells can be combined with arbitrary ratio; parallel-like charge transfer from each 

donor material to the acceptor existed and the charge recombination between the donors 

were suppressed. As the result, the device performance of the resultant ternary blend solar 

PCBM 

non-crystalline 
chain 

fibril 
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cell should be at least the sum of the binary references mixed according to the blending 

ratio. In addition, some amorphous PCPDTBT chains remained in the amorphous region. 

The PCPDTBT chains at the interfaces of the P3HT fibrils and the amorphous region 

served as the photosensitizer and benefited the cascade charge transfer.5 Thus, the PCE of 

the ternary blend increased further and reached a higher value compared with the 

combination of the binary references. While thermal annealing mainly influenced the 

crystallinity of two donor materials but not the distribution. And the contact between the 

active layer and the electrodes were improved. So the PCE of the ternary blend solar cell 

increased further relative to the as-spun cells. 

 

4.4 Conclusions 

In conclusion, we used the solvent mixture of DIO/CB to spin-coat the active 

layer of the ternary blend solar cells based on P3HT/PCPDTBT/PCBM and preformed 

thermal annealing on them. The resultant morphology is completely different from the 

one by using single solvent. By adding DIO, the individual P3HT fibrils and PCPDTBT 

fibrils formed and separated by the PCBM-rich amorphous region. Such morphology 

supported the hypothesis of parallel-like polymer solar cells, where parallel-like charge 

transfer occurred. Meanwhile, the interface between the amorphous region and the P3HT 

fibrils are equally important, where PCPDTBT chains acted as the photosensitizer to 

bridge the charge transfer between P3HT to PCBM. Therefore, the two polymers acts 

individually or even synergistically. The ternary solar cells showed the improved device 

performance compared to the binary references in regardless of the blending ratio of the 

donor materials. 
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CHAPTER 6 

FUTURE DIRECTIONS 

 

6.1 Novel Solvent Annealing Procedure for Improving Device Performance 

The results in the previous chapters showed that the device performance of 

polymer solar cells are affected by the nanoscopic morphology of the active layer, 

including degree of ordering, chain orientation, degree of phase separation and vertical 

distribution. To realize the optimal morphology, processing procedures were varied. For 

example, adding processing additives and thermal annealing were used in our study. In 

addition to these methods, solvent annealing has also been demonstrated to be effective 

for improving the device performance.1-3 In detail, the devices were put in a sealed 

chamber and annealed by the solvent vapor. To guarantee the optimal morphology, the 

vapor pressure has to be precisely controlled. And the solvents that can be used for this 

annealing method need to have relatively high boiling point. The solvents showing 

different P3HT solubilities had been applied for P3HT/PCBM cell, such as acetone, 

methylene chloride, chloroform and so on.1 It was found that by applying a poor-solvent 

vapor to as-spun P3HT/PCBM cell, the device performance was enhanced greater than 

applying the good-solvent vapor by balancing the carrier mobilities without exciton loss. 

In addition, 1,8-diiodooctane (DIO) has been widely used as the processing 

additive to improve the device performance.4-10 It is the good solvent for PCBM, but the 

bad solvent for several conjugated polymers such as P3HT and PCPDTBT. It should be a 

good candidate for annealing procedure; but due to its high boiling point, i.e. 332.5 oC, it 

is hard to use it for solvent vapor annealing. Instead, we would like to introduce another 
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solvent annealing method, where the device was immersed in the mixed solvent of DIO 

and methanol (MeOH) before depositing the electrode. The volume ratio of DIO in 

MeOH should be keep low to avoid PCBM to be washed out. The soaking time should be 

long enough to allow DIO to diffuse into the active layer and penetrate the whole thin 

film. It is expected that this facile solvent soaking procedure will introduce a small 

amount of DIO into the active layer and influence its morphology. 

 

Figure 6.1. UV-vis spectra for the as-spun thin films of P3HT/PCBM (1/1 wt/wt) (a), 
PCPDTBT/PCBM (1/1 wt/wt) (b) and P3HT/PCPDTBT/PCBM (3/1/4 wt/wt/wt) before 
and after soaking in MeOH or DIO/MeOH. 

(a)

(c)

(b)
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Firstly, this method was tested on the as-spun thin films of P3HT/PCBM and 

PCPDTBT/PCBM with the weight ratio of 1/1. UV-vis spectroscopy was used to 

determine the crystallinity of the polymers. The preliminary data are shown in Figure 6.1. 

After the thin film of P3HT/PCBM was soaked in pure MeOH for 1 minutes, the 

spectrum looked the same as the as-spun one. MeOH is the non-solvent for both P3HT 

and PCBM, so it should have no influence on the morphology of the thin film. After 

soaking the thin film in DIO/MeOH with 1% volume ratio for 1 minute, the maximum 

absorption peak red-shifted from 487 nm to 516 nm, with two shoulders appearing at 

around 550 and 603 nm, indicating that P3HT crystallized.11-13 The soaking procedure 

also helped to promote the crystallinity of PCPDTBT. The maximum absorption peak for 

the thin film of PCPDTBT/PCBM red-shifted from around 735 to 770 nm. While the 

spectrum did not change if the thin film was immersed in MeOH only.  

The same procedure was applied on the ternary thin film of P3HT/PCPDTBT 

/PCBM with the weight ratio of 3/1/4. Its maximum absorption peaks red-shifted to 519 

and 792 nm, which suggested that the crystallinities of both P3HT and PCPDTBT were 

improved. (Figure 6.1c) 

The formation of the crystals will repel PCBM from the crystal regions, so the 

degree of phase separation for the thin films will increase simultaneously. The charge 

mobility should be improved and the charge recombination should be suppressed.14-16 To 

prove the effect of solvent soaking procedure, the devices fabricated by using this method 

were tested and the preliminary data are listed in Table 6.1. It showed that the device 

performance was significantly improved after performing solvent soaking due to the 

increased Jsc value, while soaking in MeOH only did not have any influence. 
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Table 6.1. Device performance for the solar cells based on P3HT/PCBM, 
PCPDTBT/PCBM and P3HT/PCPDTBT/PCBM before and after solvent soaking. The 
device structure was the following: ITO/PEDOT:PSS/active layer/LiF/Al. 
 

 conditions Voc (V) Jsc 
(mA/cm2) 

Fill Factor 
(%) 

Efficiency 
(%) 

P3HT/PCBM (1/1) 

As-spun 0.59 0.73 29.31 0.13 

As-spun, 
MeOH 0.55 0.72 29.98 0.12 

As-spun, 
DIO/MeOH 0.45 6.17 55.07 1.52 

PCPDTBT/PCBM 
(1/1) 

As-spun 0.69 7.36 42.58 2.16 

As-spun, 
MeOH 0.69 7.35 42.56 2.16 

As-spun, 
DIO/MeOH 0.62 12.53 45.92 3.58 

P3HT/PCPDTBT/
PCBM (3/1/4) 

As-spun 0.76 2.67 37.74 0.77 

As-spun, 
MeOH 0.75 2.75 37.71 0.77 

As-spun, 
DIO/MeOH 0.46 13.33 57.63 3.51 

 
 
We propose to perform grazing incidence x-ray diffraction (GIXD), polarized 

resonant soft x-ray scattering (P-RSoXS) and transmission electron microscopy (TEM) 

experiments on these samples to determine the crystal structure, chain orientation and 

domain size. Meanwhile, since the colorimetric transition of the thin film did not occur 

when the film was immersed in the mixed solvents, but after the film was taken out, the 

drying procedure will be monitored by in-situ GIXD measurement. All of the above will 

provide us a deep understanding on the effect of solvent soaking procedure and the 

function of the DIO.  

Furthermore, based on the UV-vis spectra, P3HT and PCPDTBT crystallized 

individually in the ternary thin film. We speculate that separated P3HT and PCPDTBT 
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fibrils were formed; and the resultant morphology for the ternary thin film is similar to 

that formed by spin-coating the DIO/CB solution of three components, which was 

descripted in Chapter 4. And the mechanism for the improved device efficiency relative 

to the binary reference cells is considered to be similar as well. The morphology study on 

this system will help to clarify the relationship between the morphology and the device 

performance. It will also help to check that whether the conclusions we claimed in 

Chapter 4 are right or not. 

 

6.2 Sequential Annealing for Ternary Blend Solar Cells 

Chapter 3 demonstrated that the ternary blend solar cell based on P3HT/ 

PCPDTBT/PCBM had the higher efficiency than the binary references. The percolating 

network of bundles of P3HT fibrils formed with the amorphous region filled in the gap of 

the fibrils. Since the ternary blend was spin-coated by CB and thermal annealing was 

performed, PCPDTBT remained amorphous and mixed very well with PCBM. To further 

improve the device performance of this ternary solar cell, one method that deserves to try 

is to promote the crystallinity of PCPDTBT in the amorphous region. And the degree of 

phase separation between PCPDTBT and PCBM in this amorphous region will be 

improved as well. Both of these two factors should benefit the device performance. 

Solvent soaking descripted in Chapter 5.1 should be the idea method for realize 

this idea. In detail, the ternary thin film will be spin-coated from CB solution, the as-spun 

thin film will be obtained. Both P3HT and PCPDTBT will be amorphous due to the 

existence of PCBM. Then thermal annealing will be performed, which promote the 

crystallinity of P3HT but not PCPDTBT.17 The device efficiency significantly improves. 
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After that, solvent soaking procedure will be conducted, the crystallinity of PCPDTBT is 

expected to be increased and the device performance will increase further. 

 

 

Figure 6.2. UV-vis spectra for the pre-annealed thin films of P3HT/PCBM (1/1 wt/wt) 
(a), PCPDTBT/PCBM (1/1 wt/wt) (b) and P3HT/PCPDTBT/PCBM (3/1/4 wt/wt/wt) 
before and after soaking in MeOH or DIO/MeOH. 

 
 
To demonstrate the feasibility of this sequential crystallization procedure, UV-vis 

spectra was taken to check the colorimetric transition of the ternary thin film and binary 

references, which is closely related to the crystallinity of the conjugated polymers. As 

seen in Figure 6.2, the effect of solvent soaking procedure for the pre-annealed 

(c)

(a) (b)
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P3HT/PCBM thin film is not obvious, since P3HT has already ordered before performing 

solvent soaking. However, this procedure worked very well for the thin film of 

PCPDTBT/PCBM, since the maximum absorption peak red-shifted after performing 

solvent soaking.18,19 The red-shift of PCPDTBT absorption peak was observed as well for 

the ternary thin film, indicating that the interchain or intrachain packing of PCPDTBT in 

the amorphous region was promoted.18,20 

Based on the UV-vis results, we are confident that the power conversion 

efficiency of the ternary blend solar cell will increase further after performing solvent 

soaking. The devices will be fabricated and the optoelectronic characterization will be 

conducted to demonstrate this.  

Moreover, the morphology study will be carried out as well to determine the 

degree of ordering and degree of phase separation and clarify the relationship between 

the morphology and the device performance. DIO is the good solvent for PCBM, but the 

poor solvent for either P3HT or PCPDTBT. We assumed that DIO would swell PCBM 

and the mobility of PCBM would increase. Under this environment, the polymers might 

be forced to aggregate locally, and the confinement on the crystallization might be not 

strong. So it will be interesting to study the crystallization behaviors of the conjugated 

polymers under this solvent soaking procedure, which can be compared with the 

crystallization behaviors under thermal annealing.  
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Scheme 6.1. Chemical structures for PTB7 (a), PCDTBT (b) and PCE-10 (c). 

  

6.3 Ternary Blend Solar Cells Based on Novel Conjugated Polymers 

It has been demonstrated that fabricating ternary blend solar cells is an effective 

and facile method to obtain the solar cell with high efficiency.21,22 The previous chapters 

used the mixture of P3HT/PCPDTBT/PCBM as the model system to discuss the key 

factors for the success of the ternary blend solar cells. However, limited by the energy 

levels and mobilities of P3HT and PCPDTBT, the highest efficiency based on this system 

was still lower than 4%, although the efficiency was already higher than their binary 

references.23 To get a 10% cell or even higher efficiency, novel conjugated polymers, 

such as PTB7, PCDTBT, PCE-10 and so on, should be incorporated into the ternary 

system, which match better with the solar spectrum and have higher charge carrier 

mobilities. Their chemical structures are shown in Scheme 6.1. The absorption of 

PCDTBT covers the range from ~ 360-420 nm and ~ 480-620 nm; while PTB7 and PCE-

10 mainly cover the range from ~ 560-740 nm.24,25 (Figure 6.3) The absorption of 

PCDTBT is roughly complementary to that of PTB7 or PCE-10. The efficiencies of the 

binary solar cells based on PCDTBT, PTB7 or PCE-10 with PC71BM were reported as 

6.1%, 7.40% and 10.12%, respectively.25,26 By combining PCDTBT with PTB7 or PCE-

(c) (b) (a) 
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10 with PC71BM as the ternary system and assumed that the optimized morphology was 

achieved, the efficiency should be at least 6% or even higher than 10%. 

  

Figure 6.3. UV-vis absorption spectra for PCDTBT (a),24 PTB7 and PCE-10 (b)25. 

 

As discussed before, the morphology is crucial for the ternary blend solar cell. 

Blending two donor materials together with PCBM should not influence the crystallinity 

of either polymers or the domain purities, and the domain size should be adjusted to 

match well with the exciton diffusion length. So the straightforward way is to separate 

the two donor materials completely by PCBM. Inspired by the morphology shown in 

Chapter 4, we propose to prepare the individual fibrils from different conjugated 

polymers and then mix them together with PCBM. Based on this approach, the 

crystallinity of either donor material is kept high; and each domain is pure. The overall 

morphology will be the penetrating networks of two donor materials with PCBM filled in 

the gap. We expected that the parallel-like charge transfer existed in this ternary system 

and the charge recombination between two donor materials will be totally suppressed. So 

the efficiency of this ternary solar cell should be the superposition of each component 
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linearly dependent on the blending ratio. It is a strategy mimicking the tandem cell 

connected in parallel.27 By increasing the thickness of the active layer, the high efficiency 

solar cell can be obtained. 

By using this method, it is not necessary that the energy levels of the two 

conjugated polymers with PCBM have to show the cascade diagram. And the 

requirement on the blending ratio should not be strict. Because the two donors were 

separated completely and they can act independently. However, in case they have the 

cascade energy levels, we will consider to blend a small amount of amorphous donor 

material into the ternary system, whose energy level is in the middle. So that it can act as 

the photosensitizer, and two donors will work synergistically.23 

There are several methods to fabricate fibrils of the conjugated polymers. The 

most frequently used method for fabricating fibrils of conjugated polymers is solution-

based crystallization. By cooling the dissolved polymer in a marginal solvent, or by 

adding a non-solvent to a homogenous solution of polymer in a good solvent, the fibrils 

can be obtained due to �Œ-�Œ stacking of the conjugated backbone. Such method has been 

widely used for poly(3-alkyl thiophene), and then extended to the low bandgap polymer, 

PCDTBT. 24,28-30 This method is promising to be applied on other low bandgap polymers.  

After the fibrils are obtained, centrifugation will be conducted to concentrate the 

solution of the fibrils and remove the remaining amorphous polymer chains. Two 

different fibrils will be mixed together and PCBM will be added to the solution. This 

solution will be used to spin-coat the active layer for the ternary blend solar cell. If 

adding PCBM into the solution of fibrils disturbed the pre-prepared fibrils, bilayer 

interdiffussion will be performed. A thin layer of PCBM will be prepared first, then 
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another layer of fibrils mixture will be transfer on the top of that or spin-coated on that 

directly. It is expected that suitable thermal annealing temperature will be chosen to allow 

PCBM fill the gaps among the fibrils. In our previous studies, we kept the ratio of total 

polymers to PCBM as 1 to 1, which simplified our model of the ternary system. Here, in 

order to get a high efficiency, the ratio between the polymers and PCBM must be 

carefully adjusted. 
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