
ABSTRACT 

SEOK, JAEWOOK.  In Situ Morphology Control of P3HT:PC61BM Bulk Heterojunction 
(BHJ) Polymer Solar Cells. (Under the direction of Harald W. Ade and C. Maurice Balik.) 
 

Highly regioregular poly(3-hexyl thiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid 

methyl ester (PC61BM) are popular materials for use in bulk heterojunction (BHJ) polymer 

solar cells. For optimized P3HT:PC61BM BHJ solar cells, not only should the domain size be 

similar to the exciton’s diffusion length (~10 nm) required, but also the orientation of P3HT 

crystallites should be optimized. Small domains result in an effective charge separation and 

also minimize charge recombination at the interface between P3HT and PCBM. Additionally, 

a ‘face-on’ crystalline orientation of P3HT, in which the π-π stacking direction is parallel to 

the electric field, enhances hole charge carrier mobility. This paper presents a new strategy to 

achieve an increased ‘face-on’ P3HT crystalline orientation and a smaller lateral domain size 

in P3HT:PC61BM BHJ polymer solar cells than what is readily achievable via thermal 

annealing alone. This improved nanostructure control is achieved by in situ ultraviolet (UV) 

photo-polymerization of the 2,5-dibromothiophene (DBT) present in the thin films of the 

BHJ active layer after short-term vapor annealing. The power conversion efficiency (PCE) is 

improved by approximately 20 percent relative to thermal annealing alone. 
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1. INTRODUCTION 

1.1. Solar Energy 

In 2004, the total energy consumption of mankind was approximately 15 terawatt (TW), and 

about 85 % of this energy came from fossil fuel sources.[3, 4] Future energy demands are 

continuously increasing, and the demand is expected to double by 2050 due to continuous 

industrialization and the demand for improvements in quality of life due to access to 

electricity, and associated rapid population growth.[5]  

With a simple estimation based on the assumption that the consumption rate will not increase 

further, it is generally agreed that plenty of fuel is still available, as shown in Table 1.1.[3] 

However, current energy production that is based on fossil fuel sources cannot meet the 

increased demand in the near future. Furthermore, energy derived from fossil fuels produces 

carbon dioxide (CO2) and results in global warming and continuous climate change 

throughout the world.[6-9] The volume of polar ice caps is decreasing 8 % per year due to 

the direct effect of global warming.[10] Even though it is evident that carbon generated from 

fossil fuels results in global warming, the demand for fossil energy sources is still high and 

will probably remain so for decades to come if no new carbon free energy sources are 

found.[3] 

 

This energy-related issue is an urgent challenge and should be a global primary focus. 

Several options for carbon free energy sources exist.[4] The most economical and practical 

option that could replace fossil fuel energy sources and prevent global warming is nuclear 

energy.[11, 12] However, fears surrounding the proliferation of nuclear weapons, nuclear 

waste and tragic accidents currently outweigh more widespread usage of nuclear power.[12-

21] Unfortunately, most of the other carbon-free renewable energy sources, such as 

hydroelectric power, wind power, ocean energy and biomass, cannot meet future energy 

demands completely. However, another viable option is solar energy. 

Light energy from the sun to the earth’s surface, even taking into account approximately 28% 

of absorption energy loss in the atmosphere, is approximately 1.2 x105 TW, a huge amount of 

continuous energy that is more than 1,000 times the world’s current energy demand in a year. 
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Furthermore, readily available solar energy far surpasses the total energy demand of the next 

than fifty years, even considering the increasing energy consumption rate.[3, 22] Therefore, 

solar energy is one of the most promising carbon-free renewable energy sources.  

 
Table 1.1. Fossil fuel use (in 2004) compared with the reserve. The estimated time left 
assumes that the annual consumption does not increase (1 TW=1 terawatt = 1012 W, 1 
ZJ = 1 zettajoule = 1021 J) (Table is modified and reproduced from  [3]) 

 Form 
Consumption 

(TW) 

Annual 

consumption 

(ZJ year-1) 

Energy reserve  

(ZJ2  ) 

Time 

left 

(Years)

Coal Solid 3.8 0.12 290 2400 

Oil Liquid 5.6 0.18 57 316 

Natural 

gas 
Gaseous 3.5 0.11 30 272 

Note: There is an estimated reserve of 2500 ZJ if uranium from the earth’s crust is used with currently available extraction 
techniques. This estimation assumes the use of breeder reactors that generate more fissile material than they consume. 
Fusion is currently not practical or considered as a serious alternative to energy production. 

 

However, solar energy is not currently popular due to its high energy production costs.[23] 

Generally, electricity production costs from solar energy sources correspond to the total cost 

of solar cell fabrication and maintenance, power conversion efficiency (PCE) and costs 

associated with extending the lifetime of the solar cells. Although no clear standard cost 

calculation method for solar cells currently exists, improved efficiency and a longer service 

life are critical to reduce the energy production costs of solar cells. Thus, many scientists are 

actively working in this field to find a solution to these problems associated with solar energy.  

 

1.2. Photovoltaic Effect (PVE) and Solar Cells 

The photovoltaic effect (PVE) is a process of converting light (photons) directly into 

electricity (voltage).[22] The PVE was demonstrated first in 1839 by Edmond Becquerel, a 

French physicist.[24] The light (photons) absorbed by the materials excites the electrons 

from the ground state to excited states, leaving holes in the ground state.[22] Those generated 

electrons are pulled away by the built-in potential before the electrons relax to the ground 
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state. This built-in potential pushes the electrons and holes to the opposite electrodes, 

respectively, and photo-electric power is thereby harnessed. The devices that use the PVE to 

generate electricity are called solar cells.[22]  

 

The first PVE in a solid state was found by William Grylls Adams and his student, Richard 

Evan Day, during their photoconductivity experiments of selenium in 1876.[25] They placed 

selenium in between hot platinum (Pt) electrodes to study photoconductivity and found a 

solid material that generates electric current under light without external electric power. A 

discovery in 1953 by scientists Gerald Pearson and Calvin Fuller at Bell Laboratories opened 

the door to the revolution of solar cell technology.[25] They accidentally found that their 

silicon device could generate five times the electricity as selenium under sunlight. A year 

later, they improved the efficiency of their silicon-based p-n junction solar cells up to 6 

percent power conversion efficiency (PCE). However, commercialization of these solar cells 

was not successful due to their high production costs. In 1955, the first practical silicon p-n 

junction solar cells were used as the power source of the first American satellite.[25]  

 

As shown in Figure 1.1.[1], currently the most advanced and efficient solar cells are multi-

junction solar cells made of 2~3 layers of different thin inorganic semiconductors (InGaP, 

GaAs and Ge) that have various absorption spectra. These solar cells have a PCE of over 40 

percent.[1] These extremely high-efficient and expensive solar cells, which are normally 

used for space satellites, are fabricated using molecular beam epitaxy and metalorganic 

chemical vapor deposition (MOCVD) methods.[26-33] Currently, the most popular solar cell 

types are mono-crystalline inorganic semiconductor-based p-n junction solar cells[25]. The 

mono-crystalline silicon (Si) solar cell modules generally show up to 20 percent PCE. 

Records for small laboratory-scale solar cells from both mono-crystalline silicon (Si) and 

gallium arsenide (GaAs) show that they approach 25 percent PCE. 

However, regardless of material type, mono-crystalline inorganic semiconductor solar cells 

are very expensive due to the high cost of their materials and complicated fabrication process. 

As an economical alternative, amorphous silicon (a-Si) is promising [34-38], but it can easily 

degrade under light.[39-43] Solar cells made of a-Si generally generate 5~12 percent PCE.[1] 
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Other thin film solar cells that use cadmium telluride (CdTe) [44-48], cadmium sulphide 

(CdS) [49-51] and copper indium-gallium diselenide (Cu(InGa)Se2) [52-56] are reported to 

have up to 16~20 percent PCE.[1]  These thin film-based solar cells are strong candidates to 

replace expensive mono-crystalline inorganic solar cells. However, each type of thin film 

solar cell has its own disadvantages. For example, cadmium, which is used in CdS and CdTe 

solar cells [57-60], is a toxic element, and the supply of indium used in Cu(InGa)Se2  solar 

cells is limited.[61]  

   
Figure 1.1. Best research solar cell efficiency (NREL) (Figure is reproduced from [1]). 

 

In terms of third generation solar cells, two popular structures are available. The first type are 

the dye-sensitized solar cells (DSSC), also called the Grätzel cells, and their record efficiency 

are reported up to 11percent PCE.[1, 62, 63] Another third generation approach is organic 

solar cells made of small organic molecules or conjugated polymers, with a record efficiency 

approaching 8 percent PCE.[1, 62, 64, 65] Several unsolved problems remain, such as a short 

service life and low efficiency. However, due to their easy fabrication and low production 

costs, organic solar cells are one of most promising types of photovoltaic devices. 
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1.3. Organic Solar Cells 

1.3.1. Small Molecules-Based Organic Solar Cells 

Organic solar cells are made of small organic molecules or conjugated polymers. The earliest 

small molecule-based organic solar cells are Schottky-type single layer devices that were 

made of antracene in 1959 by Kallman and Pope.[66] The organic active layer was 

sandwiched in between two different metal electrodes. Single-layered devices are inherently 

inefficient due not only to the limited charges photo-generated in the very thin layer of the 

organic and metal interface, but also to the high exciton-quenching ratio at that interface.[2]  

 
Figure 1.2. (a) IV curve of first small molecule-based heterojunction solar cells by C. W. 
Tang, and (b) organic small molecules made of copper phthalocyanine (CuPc) and 
perylene tetracarboxylic acid derivative (PV) (Figure is reproduced from [67]). 
 

The most successful small molecule-based organic solar cells have an organic heterojunction 

(bilayer-structured) architecture based on two separated organic layers. The earliest efficient 

small molecular organic heterojunction solar cell was demonstrated by Ching W. Tang of 

Eastman Kodak in 1986 as shown in Figure 1.2.[67] Through thermal evaporation, Tang 

fabricated a bilayer-structured organic solar cell that consisted of thin layers of small 

molecules. Sequentially, 25 nm copper phthalocyanine (CuPc) and 45 nm perylene 

tetracarboxylic acid derivative (PV) evaporated on top of a transparent indium tin oxide 

(ITO) glass substrate with a silver (Ag) top anode electrode. The PCE was about one percent, 
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which is roughly one order magnitude better than the previous phthalocyanine-porphyrin-

based heterojunction organic solar cells developed by Harima et al. in 1984.[68] CuPc and 

PV were applied as an electron donor and an electron acceptor, respectively.  

 

In organic semiconductors, the PVE works differently compared with that of inorganic 

semiconductors.[22] In contrast to the generation of isolated electrons and holes in inorganic 

semiconductors, excitons, neutral particles that are weakly bound electrons and hole pairs, 

are generated in organic semiconductors by the absorption of light (photons).[2, 69, 70] The 

diffusion length of excitons is only around 5~10 nm[2, 25, 29, 69-72], and the primary 

limitation of heterojunction solar cells is the limited charge generation at the thin interface 

between the p and n type organic semiconductors.[25] 

  

The co-evaporation concept of p and n type small molecules was introduced to increase the 

thickness of the inter-mixing zone within the heterojunction as a trilayer structure. This idea 

is the first bulk heterojunction concept in organic solar cell research. The first trilayer was 

reported by Hiramoto et al. in 1992.[73] A 40 nm thin co-evaporated bulk heterojunction 

layer of perylene and phthalocyanine derivatives was made between an electron-transport 

layer (ETL) and a hole-transport layer (HTL). N,N’-dimethyl-3,4,9,10-

perylenetetracarboxylic acid diimide (Me-PTCDI) and phthalocyane (H2PC) were used as the 

ETL and HTL, respectively. The quantum efficiency of the charge generation was 

significantly improved, and the PCE was doubled in the PTCDI/H2PC device. Gebeyehu et al. 

also reported 3.37% PCE under 10mW/cm2 from a similar trilayer device.[74] A 

morphological effect on the PCE of the bulk heterojunction organic solar cells was studied by 

Harimoto et al.[73] and Rostalski et al.[75] based on the results of a co-evaporation method 

for small molecule-based BHJ solar cells. Partially phase-separated organic molecules were 

proposed as a good option for improved exciton diffusion to the interfaces and improved 

charge transport.  

 

Despite numerous research efforts into small molecule-based organic solar cells and recent 

huge improvements by several researchers, such as S. R. Forrest at the University of 
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Michigan, in applying an exciton blocking layer (EBL) [76-81], practical concerns remain 

regarding the vacuum process for thermal evaporation, because the thermal evaporation of 

small molecular active layers under high vacuum condition appears impractical for producing 

organic solar cells in a high volume production scale.  

 

1.3.2. Polymer-Based Organic Solar Cells 

In polymer solar cells, due to the high molecular weight of the polymers and Van Der Waals 

interaction of polymer chains, it is possible to make a 100 nm thickness active layer very 

easily on top of a substrate by using conventional coating methods, such as spin coating, 

screen, ink-jet printing and roll coating, etc.[82-95] These types of printing methods are more 

practical for the high volume manufacture of large-scale organic solar cells than thermal 

evaporation under ultra-high vacuum (UHV) for small molecular organic 

semiconductors.[76-81] The working principles of polymer solar cells in three different 

architectures are shown in Figure 1.3.[96] 

 

The PVE in conjugated polymers was reported in 1981.[97-103] Due to the ease of 

fabrication, many scientists have worked with polymer solar cells to improve the PCE. 

Kanicki and Fedorko first reported single-layer polymer solar cells that use trans-

polyacetylene and showed 0.1% PCE under white light illumination of 50 mW/cm2.[100] 

Many different polymer systems were studied over the course of the next ten years, but no 

further progress was made in terms of PCE. Two big issues needed to be addressed in the 

case of single-layer polymer solar cells. First, the electric field that originates in the 

difference between the electrodes’ work functions is not sufficient to overcome exciton-

binding energy (~ several 10-1 eV ).[104-106] The quantum yield of the charge generated 

from the excitons is quite low, and it is only at the cathode metal interface that the excitons 

can dissociate easily. Second, the charge transport efficiency in a single-layer device is not 

good.[107, 108] Because most conjugated polymers are electron donors and hole transporters, 

the hole mobility of conjugated polymers generally is three order magnitude larger than that 

of electron mobility[25].  
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Figure 1.3. Working principles of polymer solar cells in different structures: (a) single 
layer, (b) heterojunction polymer solar cell, and (c) bulk heterojunction polymer solar 
cell (Figure is reproduced from [96]). 

 

In the case of bilayer-structured (heterojunction) polymer solar cells[109-115], because of the 

small exciton diffusion length and the limited charge carrier generation that occurs only at 

the interface of a donor and an acceptor, as well as the poor charge carrier mobility of 

conjugated polymers, even with an additional electron transport layer, such as fullerene (C60), 

the inherent weakness of conjugated polymers could not be mitigated. The first bilayer-

structured polymer solar cells were demonstrated by Sariciftci et al. using poly (2-methoxy-

5-(2-ethyl-hexyloxy)-1,4-phenylene vinylene (MEH-PPV) and fullerene (C60). The PCE was 

0.04% under monochromatic incident light.[116, 117]  

Currently, the most popular polymer solar cell system is the bulk heterojunction (BHJ) solar 

cell, as shown in Figure 1.4. The BHJ concept was adopted from previous work on small 

molecule-based solar cells and was applied to polymer solar cells first by Alan Heeger and 

his student, G. Yu, in 1994.[118] The PCE of the first BHJ polymer solar cells was around 

2.9% PCE, using poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) 

as a donor and fullerene (C60) as an acceptor. This advancement came from the improved 

charge separation efficiency of photo-induced excitons at the MEH-PPV:C60 BHJ interface 

and its efficient charge transport to electrodes.  
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Figure 1.4. (a) Schematic presentation of a bulk heterojunction (BHJ) solar cell, 
showing the phase separation between donor (red) and acceptor (blue) materials, and 
(b) schematic energy diagram showing the energy level of the highest occupied and 
lowest unoccupied molecular orbitals (HOMO and LUMO, respectively) (Figure is 
reproduced from [2]). 
 

Several examples of conjugated polymers and PC61BM are shown in Figure 1.3. The most 

popularly studied material combination for BHJ polymer solar cells is poly(3-

hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM).[119-

131]4,7,8 The first P3HT:PC61BM BHJ polymer solar cells were demonstrated by Chirvase et 

al. in 2003.[132] In this combination, P3HT and PC61BM were used as an electron donor and 

an electron acceptor, respectively. A 1:4 mixture of P3HT and PC61BM in chloroform was 

spun-cast on top of 100 nm poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) coated ITO substrate; the PCE was as low as 0.2 percent. Continuous efforts 

based on the optimization of the process condition and the further understanding of these 

promising materials resulted in a record high PCE of 5% reported by Alan Heeger and his 

student, W. Ma, in 2005.[133]  

The PCE of the BHJ polymer solar cells is currently reported as high as 8.13% using a low 

band gap polymer and fullerene mixture by the Solamer Co., Y. Yang from the University of 

California, Los Angeles (UCLA) and L. P. Yu from the University of Chicago.[134] 

Furthermore, it will be possible to have more than 10% PCE in the near future. The strong 

tunable chemistry of the conjugated polymers has an incredible potential to improve polymer 

solar cells significantly, even though the issues of a short life time and poor reliability are not 

yet resolved. 
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1.4. Conjugated Polymers 

Synthetic polymers have known as insulators, because of the excellent insulating properties 

of synthetic polymers; however, some synthetic polymers that have alternating single and 

double bonds in their chemical structures were discovered to have conducting or 

semiconducting properties, as shown in Figure 1.5 for polythiophene. The metal-like 

conductivity of polyacetylene with iodine doping was revealed in the 1970s through the work 

of Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa. Because of their pioneering 

research into conducting polymers, these scientists were awarded the Nobel Prize in 

Chemistry in 2000.[135]  

 
Figure 1.5. Structures of conjugated polymers and a soluble C60 derivative (PC61BM) 
for BHJ polymer-based solar cells (Figure is reproduced from [96]). 

 

The practical applications of these semiconducting conjugated polymers have produced many 

research topics, such as light-emitting diodes, solar cells, field effect transistors, photodiodes, 

and so on.[136] Additionally, many other potential applications are likely to emerge, such as 

corrosion prevention, antistatic coating, optical modulators and switches, and sensor 

technology.  

The strongest merit of these conjugated polymers over conventional inorganic semiconductor 

technology is their easy and inexpensive processing capability that uses simple spin coating, 



 11

ink-jet printing, roll coating and screen printing, even on flexible substrates.[83-85, 87, 95] 

The unique electrical and optical properties of conjugated polymers stem from the 

delocalized bond electrons along the backbone, which is the reason conjugated polymers 

are sometimes described as one-dimensional carbon-based semiconductors or metals.[136] 

Other carbon-based materials, such as graphene and diamond, are considered two-

dimensional and three-dimensional carbon-based materials, respectively.[136-141] Therefore, 

anisotropic physical properties, such as the conductivity of conjugated polymers, come from 

their unique chain-like structure and optical properties, such as band gap, absorption and 

emission spectra, depending on the delocalized conjugated chain length. In general, a longer 

conjugation length provides a smaller band gap and results in the bathochromic (red) shift in 

the absorption as well as the emission spectrum.[136, 142] Due to these easily tunable optical 

properties, the absorption spectra of the conjugated polymers could be driven within the 

visible light spectrum, and the conjugated polymers could serve as strong candidates for solar 

cell applications. 

 

In addition, these optical properties could be tuned according to temperature and doping 

levels.[143, 144] These phenomena based on changes in absorption and emission spectra are 

referred to as the optical chromic effect. The concept of doping in organic semiconductors is 

different from that of conventional inorganic semiconductors, although the term doping was 

adopted from it. For conventional inorganic semiconductors, doping refers to the introduction 

of a tiny amount of III or V column elements, such as boron (B), arsenic (As) and 

phosphorus (P) into the silicon (Si) semiconductor of column IV (an intrinsic semiconductor) 

to become a p-type or n-type extrinsic semiconductor. The main charge carriers in 

conventional semiconductors, i.e., either electrons or holes, are dependent on the types of 

dopants used. However, the doping process in organic semiconductors, such as conjugated 

polymers, indicates the chemical reduction-oxidation (Redox) reactions of the 

molecules.[145, 146] Oxidation is the removal of electrons or the injection of holes with the 

addition of iodine (I2) or bromine (Br2) oxidants.[147, 148] This process could be regarded as 

p-type doping for conventional semiconductors. However, reduction here refers to the 

injection of electrons by alkali metals, such as Li, Na and K.[149] This process could be 
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compared to n-type doping in conventional inorganic semiconductors. Even though n-type 

doping in conjugated polymers is far less common than p-type doping because of the 

abundance of oxygen, oxygen is one of the strongest oxidizing agents in the environment. N-

type doped conjugated polymers are easily de-doped (re-oxidized) by their reaction with 

oxygen in the atmosphere.[150] Generally, p-doped conjugated polymers exhibit improved 

electrical conductivity seven- or eight-fold in comparison to inherent ones.  

 
Figure 1.6. Chemical structures of the inherent (top) and polaronic (bottom) states of 
polythiophene (Figure is reproduced from [96]). 
 

For example, the doping of polythiophene by iodine (I2) vapor results in a seven-fold 

increase of conductivity from 10-10S/cm to 10-3S/cm in one minute.[151, 152] Chemical 

doping and dynamic doping by either iodine (I2) vapor or light irradiation cause the evolution 

of the polarons or bipolarons in the conjugated polymers as shown in Figure 1.6.[96, 151, 

153, 154]  

In general, a polaron has a radical cation in a conjugated polymer chain and a conjugated 

polymer becomes a p-type semiconductor.[155] Due to the strong coulombic interactions of 

the polarons in the polymer chain, the conjugated polymer chains are distorted or deformed 

in the geometric structure of the polymer chains. The existence of polarons in conjugated 

polymer chains can be described as an additional energy level within the band gap between 

the valence and conduction band of the inherent conjugated polymers. Due to the physical 

distortion of the polymer chains and the small band gap from the polaron bands, the optical 

absorption and emission spectra of the conjugated polymers are changed.[96] 
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1.5. Device Physics of Organic Solar Cells 

1.5.1. General Working Principles 

Four steps are needed to generate electricity from organic solar cells.[131, 156, 157] In most 

organic materials, a very small portion of the incident photon is absorbed due to the wide 

band gap.  If a band gap approaches 1.1 eV (1100 nm), around 77% solar radiation could be 

absorbed. However, the band gap of most conjugated polymer is around 2.0 eV (600 nm), 

and the possible absorption of photons is about 30% of the solar spectrum.[158-160] Due to 

the low mobility of charge carriers and excitons, the optimal active layer thickness in organic 

solar cells is around 100 nm.[96, 160] However, the absorption coefficients of organic 

materials are much larger than those of inorganic semiconductors. With a reflective metal 

back contact, such as an aluminum cathode found in conventional organic solar cells, the 

photon absorption could be increased up to 90% even with the 100 nm thickness.[96, 160, 

161] As a first step, photons from sunlight are absorbed in an active layer of organic solar 

cells, and in a second step, electrons are excited from the valence band (VB) to the 

conduction band (CB) inside the electron donating p-type material such as conjugated 

polymers. Usually, conjugated polymers, such as P3HT, are electron donors, and dye or 

fullerenes, such as PC61BM, are electron acceptors.[96] This excited state is called as an 

exciton (third step), which is an unstably bounded electron and hole pair that is a neutral 

quasi-particle.[72] Due to the extremely short diffusion length of an exciton – as short as 

5~10 nm – an electron from the exciton (Frenkel exciton) can easily relax back to its stable 

ground state of the material, thus resulting in a loss of efficiency.[71, 72, 162-165] As a next 

step to having the best solar cell performance possible, the exciton diffuses to the interface of 

the donor and acceptor materials without significant its loss from the electron relaxation 

(forth steps).  

At the interface of organic materials that have sufficiently different electron affinities (EAs) 

and ionization potential (IP), the exciton finally separates as a discrete electron and a hole, 

both of which together serve as free carriers thanks to the built-in internal potential from 

these energy differences. If there is not enough difference in energy levels to overcome the 

exciton-binding energy (0.4eV)[166], an exciton may not separate into free charge carriers 
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(fifth step). Those separated free carriers should be transported without recombining and 

should be collected at the surfaces of the electrodes (sixth step). The final PCE depends on 

all six steps, and the maximum PCE is achieved under the most optimal conditions. These 

fundamental steps are shown in Figure 1.7. 

 
Figure 1.7. Fundamental working principles of organic solar cells (Figure is modified 
and reproduced from [167]). 
 

1.5.2. Electrical Characterization of Solar Cells  

The PCE of solar cells can be described clearly using conventional J-V curves and several 

parameters must be considered to understand the working principles of solar cells as shown 

in Figure 1.8. The equation for the PCE can be derived based on all the parameters discussed 

heretofore. 

max maxout sc oc

in in in

P J V FF J V
Power

P P P

  
                                   (1-1) 

Short-circuit current (Jsc) is the maximum current when the voltage is zero, and it is a 

function of illumination. Open-circuit voltage (Voc) is the voltage when no current is in the 

solar cell.[22] The fill factor (FF) is the ratio of the maximum power to the product of the 

external short-circuit current (Jsc) and open-circuit voltage (Voc) values.  
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Figure 1.8. Typical J-V curves of solar cells in dark (empty symbols) and illuminated 
(filled symbols) conditions. Short-circuit density (Jsc) and open-circuit voltage (Voc) are 
shown. The maximum output power is given as the rectangular area (Jmax x Vmax). 
 

In addition, the FF can show the degree of rectification of a solar cell. Therefore, the higher 

the FF, the better the solar cell’s performance.[22]   

max( )

sc oc

JV
FF

J V
                                                           (1-2) 

A high load resistor reduces the current flow, so the generated charges need more time to get 

out of an active layer. Due to the increased recombination of electrons and holes, an extracted 

current constantly decreases in the 4th quadrant of J-V coordinates.[22, 70] There are two 

resistances: series resistance (Rs) and shunt resistance (Rsh). Series resistance depends on the 

resistivity of the materials, electrodes and metal-organic interfaces. Shunt resistance 

represents a leak or a short in the diode or charge recombination.[22, 70] For good solar cell 

performance, those resistances should be optimized. A large shunt resistance and small series 

resistance result in the good performance of solar cells.  
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Solar cells are conventional diodes in the dark condition, and they allow much more current 

to flow in the forward bias (V > 0) than in the reverse bias (V < 0) condition. This kind of 

rectifying property is a characteristic of ideal diode properties. Using a simple ideal diode 

equation, called the Shockley equation[22, 70], the Jdark (V) equation is normally formulated 

as shown in Equation (1-5): 

( ) ( 1)B

qV

nk T
dark oJ V J e                                                   (1-5)  

In this equation, Jo is a constant, kB is Boltzmann’s constant, n is the diode ideality factor and 

T is temperature in degrees Kelvin. Because Rs = 0 Ω and Rsh = ∞ Ω in an ideal diode, 

current through such an ideal solar cell is determined by current density only, and for an 

applied positive voltage, the current increases exponentially. Under illuminated conditions, 

photo-current density from the exposed light photons is generated, and the equation for net 

current density is modified as Equation (1-6). The overall current-voltage response of solar 

cells can be approximated as the sum of the short-circuit photo-current and the dark current. 

This step is known as the superposition approximation.5,6 Although reverse current, which 

flows in response to voltage in an illuminated solar cell, is not formally equal to current that 

flows in dark current, the approximation is reasonable for many materials used in solar cells. 

( ) ( 1)B

qV

nk T
dark o scJ V J e J                                            (1-6) 

The Voc for an ideal diode is shown in Equation (1-7) when the current density = 0. 

ln( 1)scB
oc

o

Jnk T
V

q J
                                                          (1-7) 

Figure 1.8 shows that the current-voltage product is negative and that a solar cell generates 

power when voltage is between 0 and Voc. At V < 0, an illuminated device acts as a photo-
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detector, consuming power to generate a photo-current that is light-dependent but bias-

independent. At V > Voc, that device again consumes power. This region is where light-

emitting diodes operate. 

 

The function of solar cells in the real world is slightly different with that of an ideal diode.[22, 

70] The two inherent resistances, Rsh and Rs, are not considered in an ideal diode. Their 

effect on the final solar cells’ performance is critical, and a more realistic model is needed to 

predict and to explain the real function and performance of solar cells. When parasitic series 

and shunt resistances are considered, the net current density should be modified as Equation 

(1-8). 

/( 1)
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                           (1-8) 

The open-circuit voltage (Voc) also should be modified in consideration of the shunt 

resistance effect, as shown in Equation (1-9). 

/
ln( 1)sc oc shB

oc
o

J V Rnk T
V

q J


                                 (1-9) 

 

1.6. Hansen Solubility Parameters 

Solubility of solutes in a solvent is critical to have the fine morphology of the blended 

polymer thin films. Solubility parameters provide the foundation for the understanding of 

materials’ solubility in a solvent and the materials’ miscibility. This powerful tool can be 

applied in the further understanding of the BHJ polymer solar cells. In this sub-chapter, the 

fundamental principles of solubility parameters calculation are explained.  

 

The term solubility parameter was first used by Hildebrand and Scott, and it is called the 

Hildebrand solubility parameter.[168] This parameter provides a foundation for the further 

understanding of solubility, but it is defined by a single number and only considered the 
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cohesive energy density of the molecules. Therefore, the Hildebrand solubility parameter is 

also called cohesive energy parameter because they are derived from the energy required to 

convert a liquid to a gas. The energy of vaporization is the direct measurement of the total 

energy that holds the liquid’s molecules together.[168] The Hildebrand solubility parameter 

is defined as Equation 1-10. 

E
CED

V
 
  ,                                               (1-10)  

Where V is the molar volume; E is the energy of vaporization; and CED stands for 

cohesive energy density. This Hildebrand solubility parameter has the same value as total 

solubility parameter ( T ) in the Hansen solubility parameters that include dispersion 

interaction, polar cohesive energy and hydrogen bonding energy, as presented in Equation 1-

11.[168] 

2 2 2( ) ( )D P H
T D P H

E E E

V V V
                                     (1-11) 

Therefore, these three interaction parameters ( D , P , H ) can provide more detailed 

information about fundamental solubility than the Hildebrand solubility parameters that 

consist of a single number. Similar solubility parameter values of two materials indicate that 

they have similar affinities. The Hildebrand solubility parameter generally works well only in 

a non-polar system because it does not consider hydrogen bonding and polar interaction.  

The solubility ‘distance’ (Ra) between two materials based on their respective partial Hansen 

solubility parameters can be calculated using Equation (1-12), and the relative energy density 

(RED) values are calculated based on the ratio of the Ra and the inherent solubility ‘distance’ 

(Ro) values using Equation (1-13). If the RED values are less than 1 (RED < 1), the solute 

dissolves well in a solvent (here, component 1 is a solute, and component 2 is a solvent).  

1 2 1 2 1 2
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                                       (1-14) 
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The Flory-Huggins interaction parameter ( 12 ) can be calculated using Equation (1-14) 

(assuming a high molecular weight solute, such as a polymer)[168]; if this value is less than 

0.5 ( 12 0.5  ), then it dissolves well in a solvent. The critical point that expresses the 

solubility limit of a solute in a solvent has RED = 1 and 0.5c  .  

In case of the Hansen solubility parameters, the solubility of a solute in many different 

solvents in a 3D sphere model based on the calculated three interaction parameters 

( D , P , H ). If the solubility values of a solvent are close to the borderline of the solubility 

parameter sphere of the solute, or are greater than the radius of that sphere, then each specific 

solvent cannot dissolve the particular solute. 

 

1.7. Molecular Orientation and Phase Separation-Induced Morphology 

Control in Bulk Heterojunction (BHJ) Polymer Solar Cells 

1.7.1. Molecular Ordering Effects on Device Mobility 

In order to improve the performance of organic solar cells, charge carriers that are separated 

from excitons should be transported to electrodes through the conjugated π-π orbital overlaps 

in the organic semiconductors. The crystalline orientation and crystallinity of the conjugated 

polymers or small molecules are thus critical to improve the π- π orbital overlaps, which in 

turn allow an efficient charge transport between the molecules.[165, 169] If defects, such as 

misalignment of molecules, vacancies and dislocations, are found, the transport efficiency of 

the charge carriers decreases due to the lowered degree of π-π orbital overlaps.[170-172] 

With improved crystalline orientation and higher crystallinity, enhanced charge carrier 

mobility can be achieved in a device.[173-182] For example, as-cast amorphous 

triethylsilylethynyl anthradithiophene (TES ADT) films resulted in increased crystallinity in 

chlorobenzene (CB) vapor annealing.[173] This increased crystallinity thus the improved 

charge carrier mobility of an organic thin film transistor (OTFT) up to 0.1 cm2 V−1 s−1 

compared to 0.002 cm2 V−1 s−1 in amorphous TES ADT.[173] The thermal annealing of 

pentacene thin film also improved molecular orientation and enhanced the charge carrier 
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mobility of an OTFT from 0.19 cm2 V−1 s−1 to 0.49 cm2 V−1 s−1.[177] Additionally, the 

crystalline orientation is also critical for improved mobility. In an OTFT application, if the 

‘edge on’ crystalline orientation (which means that the π-π orbital stacking direction is 

parallel to the substrate) of P3HT dominates, then the charge carrier mobility of the OTFT 

device is enhanced by two orders of magnitude over a ‘face on’ crystalline orientation (which 

means that the π-π orbital stacking direction is perpendicular to the substrate), as shown in 

Figure 1.9.[183] In case of P3HT:PC61BM BHJ polymer solar cells, the ‘face on’ crystalline 

orientation (which means that the π-π orbital stacking direction is perpendicular to the 

substrate) of P3HT is preferred and it enhances the charge carrier transport towards both 

electrodes.  

 
Figure 1.9. ‘Edge on’ and ‘face on’ orientation of P3HT: (a) and (c) are ‘edge on’ 
orientation, (b) and (d) are ‘face on’ orientation. (a) and (b) are schematic diagrams for 
charge carrier mobility in P3HT thin films; (c) and (d) are charge carrier mobility 
results in the OTFT (red squares inside active layers are thiophene rings and adjacent 
lines are side chains) (Figures are drown based on the OTFT mobility data of [183]). 
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1.7.2. Crystallization and Phase Separation in P3HT:PC61BM Bulk 

Heterojunction (BHJ) Polymer Solar Cells  

In a P3HT:PC61BM BHJ polymer solar cells that have two components, the crystallization 

and crystalline grain growth of one component are known to enhance the phase separation of 

the other component from the bulk mixture.[184-186] This phenomenon is critical to 

excellent performance of P3HT:PC61BM BHJ polymer solar cells and many researchers have 

studied the effect of the P3HT crystalline phase in a P3HT: PC61BM BHJ mixture. There was 

a report that PC61BM crystalline phase simultaneously grows corresponds to the P3HT 

crystalline phase growth and the phase separation during the thermal.[185, 186]  

 
Figure 1.10. GISAXS curves of as-cast and annealed (150oC, 15 minutes) P3HT and 
P3HT:PC61BM thin films (Figure is reproduced from [188]). 
 

Grazing Incident Wide Angle X-ray Scattering (GIWAXS) studies on a P3HT:PC61BM BHJ 

thin film showed increased intensity of the Bragg reflections of P3HT, which corresponds to 

increased crystallinity in the P3HT upon post thermal annealing.[185, 187] Additionally, 

from Grazing Incident Small Angle X-ray Scattering (GISAXS) studies, it is found that 
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increased X-ray scattering intensity corresponds to an increase in the PC61BM cluster size as 

shown in Figure 1.10.[188] These results are related to the increased phase separation 

between P3HT and PC61BM. It is known that the degree of phase separation between P3HT 

and PC61BM could affect the OPV device performance.[189] For efficient exciton 

dissociation as well as effective charge carriers transport to the electrodes, a P3HT:PC61BM 

BHJ layer of polymer solar cells should have not only a wide interfacial area between the 

electron donor and acceptor but also a well-oriented P3HT crystalline phase.[190] 

Additionally, the coarsening of PC61BM crystals under post thermal annealing should be 

minimized.[185] 

 
Figure 1.11. SANS curves of as-cast and annealed (140oC, 20 minutes) P3HT and 
P3HT:PC61BM thin films (Figure is reproduced from[191]). 
 
Similar results with GISAXS of PC61BM coarsening during thermal annealing were reported 

by using Small Angle Neutron Scattering (SANS) studies as shown in Figure 1.11. Due to 

the low contrast from the thin thickness, 100 nm of a P3HT:PC61BM BHJ active layer, 15 or 

more stacked films were prepared and used to carry out SANS studies. The increased 

scattering intensity was explained mainly due to the coarsening of PC61BM inside a 
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P3HT:PC61BM BHJ active layer and the pure P3HT thin films did not show any intensity 

changes regardless of thermal annealing. The domain size of P3HT:PC61BM BHJ active 

layer increased with the post thermal annealing and it was explained that the coarsening of 

PC61BM resulted in the big size of domain that came from the largely phase separated 

P3HT:PC61BM BHJ active layer during thermal annealing than that of an as-cast.  

 
P3HT:PC61BM BHJ solar cells that have a high degree of P3HT crystallinity and a large size 

of PC61BM cluster in the active layer showed a decrease in device efficiency with prolonged 

thermal annealing as shown in Figure 1.12 (a).[185, 192] Furthermore, the large PC61BM 

crystals hindered the P3HT crystalline phase growth in the preferred orientation, whereas the 

smaller PC61BM clusters did not significantly affect the existing orientation of the P3HT 

crystals, as shown in Figure 1.12 (b).[185]  

 
Figure 1.12. Schematic diagram of P3HT:PC61BM BHJ films composed of (a) highly 
crystalline P3HT, and (b) less crystalline P3HT. The black ovals represent PC61BM 
crystals, and the rectangular stacks represent P3HT crystals. (Figures are adopted from 
[185]) 
 

The fundamental root causes for the deterioration of solar cell efficiency during the 

prolonged thermal annealing are not fully understood yet. As a consequence, the efficiency 

of the solar cells worsened with the extended thermal annealing time of the P3HT:PC61BM 

BHJ layer. Additionally, the big size of PC61BM crystals may cause electrical shorts problem. 

Therefore, special attention during the post annealing process must be given to the BHJ film 

to control crystallinity of the components. Additionally, the enhanced P3HT crystallinity 
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resulted in the bathochromic (red) shift of the absorption spectrum into the visible light range 

and an improvement in photon absorption efficiency.[86, 191, 193] 

 

Phase separation in a P3HT:PC61BM BHJ thin film comes from the chemical incompatibility 

(spinodal decomposition) of the two components[190], in addition to the crystallization.[185, 

194]65-67 Normally, solvent evaporation that occurs during the thin film spin casting limits the 

large scale of phase separation due to the rapid solidification of the film.[190] Therefore, a 

post process such as thermal annealing is normally required to drive the film morphology 

into the enhanced phase-separated state.[185, 194] In the optimal condition, an as-cast active 

layer exhibits extremely fine structures with wide inter-domain interfacial area.[190] 

Although the fine structures exist in an as-cast P3HT:PC61BM BHJ film, solar cells without 

thermal annealing exhibit relatively low efficiency because low degree of crystallinity cannot 

provide charge transport path and the wide interfacial area can promote charge recombination, 

too.[190]  

It is commonly believed that the length scale of phase-separated domains in a BHJ active 

layer should be in the range of the exciton diffusion length, 10 nm, to maximize its 

dissociation into free carriers. Many researchers thus have tried to find the best phase 

separation condition in this range by changing the component ratios[186, 195], introducing 

additives[196-198], changing post-thermal annealing conditions[188, 189, 199] or solvent 

vapor annealing conditions[200-202], or by controlling solvent evaporation rates during the 

spin casting of thin BHJ films using mixed solvents.[198] An interesting study reported that, 

under prolonged high temperature annealing conditions, PC61BM domains grew continuously 

up to 50 nm, which is much larger than the exciton diffusion length, without further 

enhancing P3HT crystallinity.[190] In addition, solar cell efficiency continued to increase 

with an increase in the annealing temperature of this BHJ active layer.[190] One hypothesis 

was that large PC61BM cluster domains improve the 3-D connectivity to the electrodes for 

improved electron and hole transport.[190, 201] There is much debate regarding the optimal 

size of the PC61BM crystalline cluster and its effect on the P3HT:PC61BM BHJ solar cells, 

and more time is needed for clarification of this issue. However, morphology from the two 

phase-separated components clearly affects the final solar cell performance.  
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In another interesting study about the effects of phase separation of a BHJ mixture on device 

performance, Bull et al. used light beam-induced current (LBIC) microscopy to study the 

photo-current distribution in poly(5,7-bis(3-dodecylthiophen-2-yl)thieno[3,4-b]pyrazine-alt-

9,9-dioctyl-2,7-fluorene) (BTTP-F):PC61BM  BHJ thin films.[201]  A BTTP-F/PC61BM BHJ 

thin film was exposed to chlorobenzene (CB) vapors for 30 minutes, and the grown micron-

sized PC61BM crystalline clusters were studied using LBIC. The LBIC results revealed three 

distinct regions of photo-current in an annealed film (Figure 1.13. (a)) compared to uniform 

photo-current in an as-cast film (Figure 1.13. (b)).  

 
Figure 1.13. Light beam-induced current (LBIC) microscopic images of poly(5,7-bis(3-
dodecylthiophen-2-yl)thienol[3,4-b]pyrzazine-alt-9,9-dioctyl-2,7-fluorene)(BTT-F): 
PC61BM thin films exposed to chlorobenzene (CB) solvent vapors for (a) 30 min and (b) 
0 min. The PC61BM cluster, labeled A, is surrounded by a region of high current, 
labeled B. The region furthest from the PC61BM cluster has a low photo-current, 
labeled C. In the unannealed films, photo-current generation is fairly uniform between 
D and E.(Figures are reproduced from [201]). 
 

When the BHJ film was solvent annealed, no photo-current was evident inside the PC61BM 

cluster in region A. The highest photo-current was in a depletion region, B, between the 

PC61BM cluster region A and the weak photo-current region C. There was no photo-current 

in PC61BM cluster (region A). Although the non-uniform photo-current came from an 

annealed BHJ film, its PCE of 1.25% exceeds that of the as-cast film of 0.75 percent. This 

enhancement in the overall photo-current of the solvent annealed BHJ thin film is due mainly 

to the enhanced photo-current in region B. Region B is a depletion zone that has a strong 

phase separation between BTTP-F and PC61BM, and this strong phase separation in region B 
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thus led to the improved exciton dissociation toward the free charge carriers. It is surprising 

that even with big PC61BM cluster, the PCE was enhanced more than with the uniform 

photo-current. Therefore, further understanding of the phase separation length scale is 

important for future improvements in organic solar cells.  

 

1.7.3. Morphology Control: Spin Coating vs. Annealing Processes 

The morphology of BHJ polymer solar cells is heavily dependent on the spin coating 

condition, and different spin coating solvents result in changes in the degree of phase 

separation and the crystalline phase growth, or the molecular orientation of polymers and 

PC61BM.[96, 119, 186, 203-206]  

The choice of solvent is critical to the control of the morphology in the BHJ polymer solar 

cell active layer. Finer domain size has been observed in the spun-cast films that use CB 

solutions compared to films that use toluene solutions.[96, 186] The different effects that are 

obtained from the different solvents are related closely to both chemical solubility[186, 205] 

and solvent vapor pressure.[96, 110] When a better solvent, such as ortho-dichlorobenzene 

(ODCB) is used, a much finer domain size is achieved due to the better solubility and the 

lower vapor pressure.[119, 202] The vapor pressure of the solvent determines the solvent 

evaporation rate, which in turn affects the thickness of the film and the drying time during 

the spinning process. If the spin speed and concentration of the solution are not changed, 

high vapor pressure solvents, such as chloroform or thiophene, result in an unstable film due 

to the fast solvent evaporation rate; however, low vapor pressure solvents, such as CB or 

ODCB drive the morphology into a much finer and stably phase-separated structure.  

The spin coating speed is also a critical factor in determining the final film quality. A fast 

spin coating speed increases the radial flow of the applied solution and also increases the 

solvent evaporation rate, which results in a thin and uniform film. When spin coating thin 

films from an initial homogeneous ternary blends that consist of two solid solutes and a 

common solvent, the rapid solvent evaporation changes the blended system into a metastable 

or unstable state. Because this kind of solvent quench does not occur instantaneously, the 

blend system should have time to develop phase separation, which stops when the viscosity 
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of the film increases with the increased rate of solvent evaporation, and the polymer chains 

are no longer mobile.  

Thermal annealing in a P3HT:PC61BM-based BHJ system has been widely used as a post 

process to improve the performance of solar cells.[111, 121, 130, 188, 207] It applies high 

temperature (in a range of 120 ~ 150oC), which is above Tg of P3HT for 5 ~ 30 minutes to 

the P3HT:PC61BM BHJ active layer to enhance the degree of crystallinity of P3HT. The 

enhanced crystalline phase orientation and crystallinity growth of P3HT found in thermal 

annealing results in better charge carrier mobility and an enhanced photon absorption 

spectrum.[207, 208] In the case of PC61BM, a micron scale of crystalline phase was reported 

during the thermal annealing.[192] Because the crystalline phase of PC61BM can grow up to 

several µm under a prolonged thermal annealing condition,[190, 192] it is generally believed 

to result in a decrease in the interfacial area for charge separation.  

The phase separation inside a BHJ active layer is determined primarily by the solvent 

solubility during spin casting.[96, 186] Good spin-casting solvents, such as CB and ODCB, 

which have good solubility for both P3HT and PC61BM, can lead to much finer domain size 

than other solvents, such as toluene and xylene.[119, 203] Once the domain size is 

determined during the spin casting process, as already mentioned, it is difficult to improve 

the morphology further in terms of a smaller domain size during thermal annealing. However, 

solvent annealing is regarded as an effective post casting process to control the domain size 

and to optimize the performance of P3HT:PC61BM BHJ polymer solar cells.[201, 202, 209] 

In solvent annealing, it is possible to adjust the domain size because the annealing solvent 

can provide physical mobility to the active layer again. The morphology of a solvent 

annealed P3HT:PC61BM BHJ active layer strongly depends on the annealing solvent 

solubility and vapor pressure, with lower vapor pressure generally indicating a higher boiling 

point. Further improvement of the P3HT:PC61BM BHJ polymer solar cells from this solvent 

annealing may be achieved under optimal process conditions.[201, 202, 209] However, 

despite inherent limitations, such as the limited number of optimal solvent options and the 

lack of a fundamental theory for deeper understanding, the thermal annealing is still the most 

popular post casting process to enhance the performance of P3HT:PC61BM BHJ polymer 

solar cells. 
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1.8. Key Factors for Best Bulk Heterojunction (BHJ) Polymer Solar Cells 

As a summary, several factors are necessary in order for P3HT: PC61BM BHJ polymer solar 

cells to have a good PCE. First, the photon absorption of BHJ polymer solar cells is 

determined mainly by the band gap of p-type conjugated polymer, and is largely dependent 

on the 3-D overlap of π-π orbitals. This π-π orbital overlap can be enhanced by the high order 

of crystallinity of P3HT and has a close relationship with the regioregularity of P3HT.[210, 

211] Regiorandom P3HT has a low degree of crystallinity due to the distorted conformation 

of a P3HT chain, which results in the loss of the rigid rod shape that can crystallize easily. 

The head-tail connection of a 3 hexylthiophene ring should be maintained throughout the 

P3HT chain to attain a high level of regioregularity in P3HT, as shown in Figure 1.14 (b). 

Most commercially available P3HT has more than 90% regioregularity and the strong (100) 

peak can be monitored easily from the XRD, as shown in Figure 1.14 (a).[210, 211]  

 
Figure 1.14. (a) XRD of regiorandom and regioregular P3HT, and (b) chemical 
structures of regioregularly controlled different P3HT ( Figure (b) is modified based on 
a Figure in Reference [2]).  
 

Second, the interfacial area between the P3HT and PC61BM BHJ constituents should be large 

enough to have good charge separation efficiency.[96, 170] A large interfacial area can be 

achieved by effective phase separation and crystallization during spin coating and subsequent 

post processes.[129, 130, 173, 185, 186, 194, 201, 202, 206, 207, 209, 210, 212, 213] 

Thermal annealing significantly enhances the degree of crystallinity. Therefore, the most 

appropriate co-solvent for both P3HT and PC61BM should be a spin casting solvent, such as 
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ODCB or CB, in order to achieve optimal domain size (phase separation) during the spin 

coating process.[119, 203] As mentioned before, increased crystallinity of P3HT is achieved 

mainly during the thermal annealing at the optimal temperature, which is above the Tg of 

P3HT. The exciton diffusion length is around 10 nm[72, 104, 156, 157, 161, 163], and to 

attain effective charge separation and transport to the electrodes, the morphology should be 

well controlled to produce the best P3HT:PC61BM BHJ polymer solar cells.[96] Poorly 

controlled morphology, even with a highly controlled degree of crystallinity, increases the 

series resistance and results in a lower FF in the final P3HT:PC61BM BHJ polymer solar cells.  

 

Third, an effective active layer thickness[160] and charge blocking layer should be selected. 

A thick active layer results in more photon absorption but deteriorates the charge transport 

with increasing series resistance due to the increased numbers of defect sites inside the BHJ 

active layer, such as disconnection in the charge transport path. The electron block layer 

(EBL) or hole tranport layer (HTL), i.e., PEDOT:PSS, is a well-known water soluble metallic 

polymer.[214-216] It can effectively block the electron flow to an anode to prevent the 

recombination of an electron and hole pair and to smooth the roughness of the anode surface 

by covering the surface. Several metal oxides, such as CrOx[217], LiF[193] and 

Cs2CO3[218], etc., can serve as a hole blocking layer (HBL). 

 

As a last factor, the cathode and anode electrodes should be selected carefully. Generally, a 

low work function metal, such as aluminum, is applied as a cathode, and a high work 

function metal oxide, such as ITO, is selected as the anode. The ITO is transparent to most of 

the sun spectrum except for a very short wavelength of UV light; thus, photons can 

effectively penetrate the ITO and reach the active layer. However, ITO is very brittle, and its 

resistance increases with an increase in the number of mechanical cracks.  

Many efforts have been undertaken to improve these critical factors. Chief among them is the 

optimization of the morphology and crystallinity of a P3HT:PC61BM BHJ active layer.  
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1.9. Thesis Motivation and Objectives 

In the previous several sections, some critical factors for the improvement of the performance 

of P3HT:PC61BM BHJ polymer solar cells have been reviewed. The most important factor is 

the optimization of the morphology and crystallinity of the BHJ active layer. An active layer 

formation during spin coating and annealing process are critical steps to have improved 

morphology and crystallinty in the P3HT:PC61BM BHJ polymer solar cells. Domain size of a 

BHJ active layer is mainly determined during spin coating process and, the crystalline phase 

orientation and the crystallinity are defined during the subsequent annealing. Although many 

efforts have been to optimization of those processes, there are still several issues such as 

increase of domain size during thermal annealing and the difficulty in the preferred 

crystalline phase orientation. 

 

Figure 1.15. In situ UV photo-polymerization-induced phase separation for nano-scale 
morphology control of P3HT:PC61BM BHJ polymer solar cells: (a) DBT vapor 
deposition on an as-cast P3HT: PC61BM BHJ active layer, (b) in situ UV photo-
polymerization of DBT for nano-scale morphology control. 
 

Therefore, the motivation for this work to develop a new post process, in situ UV-photo-

polymerization of 2,5-dibromothiophene (DBT) to have a better control for morphology and 

crystalline phase orientation. A schematic diagram for the new process is shown in Figure 

1.15. This new process is based on polymerization induced phase separation (PIPS) of a 
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reactive DBT monomer inside a P3HT:PC61BM BHJ active layer. DBT has good solubility 

with P3HT and PC61BM and it can diffuse well into the BHJ active layer during the DBT 

deposition process as a pre-step for the in situ UV photo-polymerization of DBT. In the 

course of UV photo-polymerization, the miscibility of the polymerized oligothiophene inside 

of the BHJ active layer can rapidly decrease with increase of molecular weight of the 

polymerized oligothiophene. This miscibility decrease can result in the further phase 

separation and the formation of the smaller domain than that formed during spin casting 

process. Due to the similarity in chemical structure between P3HT and DBT, the 

interdigitated polymerized oligothiophene into P3HT crystalline phase can enhance the 

photon absorption. In addition, this new post process can hinder the big PC61BM formation 

domain during the thermal annealing because polymerized oligothiophene works as an 

impurity inside PC61BM. It can only maximize the degree of crystallinity of P3HT but also 

minimize the distortion of P3HT crystalline orientation due to the growth of PC61BM crystals 

during the thermal annealing.  

In this thesis, a promising annealing process based on photo-polymerization of DBT, a 

reactive thiophene based monomer, is newly demonstrated to control the morphology, 

crystallinity and crystalline orientation. The critical phenomena, such as changes in domain 

size, crystallinity and crystalline phase orientation in a P3HT:PC61BM BHJ active layer 

during the photo-polymerization of DBT are monitored and analyzed using several analytical 

techniques, AFM, R-SoXS and GIWAXS and so on.  

 

1.10. Thesis Organization 

Chapter 1 serves as background and includes a general introduction to solar cell technology 

that is focused especially on organic material-based devices, and includes development 

history, material properties, working principles, various solar cell structures, and so on. 

Chapter 1 also describes key parameters, such as the degree of crystallinity, crystalline phase 

orientation and morphological effects. In Chapter 2, the experimental procedures used in this 

research are summarized and explained. In Chapter 3, conventional post processes, including 

thermal and solvent annealing, are examined. The fundamental properties of the crystalline 

phase and morphology obtained from those conventional processes are characterized using 
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several scientific techniques, such as Grazing incident x-ray scattering (GIWAXS), resonant 

soft x-ray scattering (R-SoXS)[219-222] and an atomic force microscope (AFM). Discussion 

of these conventional processes provides a foundation for comparison with the newly 

proposed post process presented in Chapters 4 and 5. As a pre-step to in situ UV photo-

polymerization of DBT, a newly proposed post process, i.e., the DBT vapor annealing effect 

on the crystalline phase and morphological changes in a P3HT:PC61BM BHJ active layer, are 

investigated in depth. Furthermore, the 3-D Hansen solubility parameters of solutes and 

various solvents are calculated to provide a deeper understanding of the solubility of the 

fundamental materials by using official Hansen solubility parameter calculation software, 

HSPiP. In Chapter 4, analysis of the main outputs of the new post process for improved 

performance of the P3HT:PC61BM BHJ polymer solar cells is undertaken using X-ray 

techniques, such as GIWAXS, R-SoXS and the AFM. Additionally, the solubility change-

driven morphology evolution is explained using the Hansen solubility parameter calculation. 

In Chapter 5, the solar cell device performance as a result of the optimized fabrication 

process conditions of the new process is reported. General J-V curve analyses are performed, 

and charge carrier mobility is characterized by using specially designed contacts. Chapter 6 

draws relevant conclusions, discusses the lessons learned, and suggests directions for further 

research. Chapter 7 includes bibliography and Chapter 8, as an Appendix section, includes 

the chemical reaction verifications of the UV photo-polymerization of DBT and some 

fundamental equation derivations for solar cells.  
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2. EXPERIMENTAL  

 

2.1. Materials 

ACS grade 2,5-dibromothiophene (DBT), 2,5-diiodothiophene (DIT), Poly(3-

hexylthiophene) (P3HT), Br-terminated polythiophene, α,ω-dihexylthiophene  and solvents, 

such as chlorobenzene (CB), dichlorobenzene (DCB), acetone, chloroform, methanol 

(MeOH), and tetrahydrofuran (THF), were purchased from the Sigma Aldrich Chemical 

Company or from Fisher Scientific and were used without further purification, unless 

otherwise noted. Reagents, ferric trichloride (FeCl3) and ferric tribromide (FeBr3), used in the 

syntheses for α,ω-dibromo-oligothiophene and aluminum (Al) targets for metal electrode 

thermal evaporation, also were purchased from the Sigma Aldrich Chemical Company and 

used without further purification. [6,6]-phenyl-C61-butyric acid methyl ester  (PC61BM) was 

purchased from Nano-C, and Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 

PEDOT:PSS, a water soluble-conducting polymer solution, was purchased from H.C. Starck, 

Inc. and was used with a diluted solution in D.I. water at a 1:1 ratio. Indium tin oxide (ITO)-

coated transparent glass substrates were provided free of charge from ShinAn SNP in Korea.  

 

2.2. Chemical Synthesis of Oligothiophenes 

2.2.1. Ultraviolet Photo-Polymerization of 2,5-Dibromothiophene (DBT) 

A ultraviolet (UV) exposure set-up was purchased from the Newport Company and attached 

to an argon (Ar) gas environmental glove box using a special aluminum connector, as shown 

in Figure 2.1. The UV photo-polymerization of DBT was carried out inside the glove box. 

The UV setup has a 200 W mercury lamp and collimate lens. A mid-UV band path filter that 

has selective transmittance to the mid-UV band (shown in Figure 2.2) was also purchased 

from Newport for the UV photo-polymerization of DBT. The uniformity of the UV light 

intensity from the UV exposure set-up was controlled by an AOI UV power meter with a 365 

nm photodiode prior to UV light exposure on the samples. An aluminum container with a 

wide opening was used for bulk UV photo-polymerization on top of a 40°C pre-heated hot-
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plate. UVvis and FT-IR analyses of insoluble α,ω-dibromo-oligothiophene from the reaction 

were carried out after precipitation in n-hexane without further purification. The UV photo-

polymerization of DBT vapor, which was deposited on P3HT:PC61BM BHJ thin films, was 

performed on a 40°C pre-heated hot-plate. The covalent bond dissociation energy for the UV 

photo-polymerization of DBT was calculated based on the fundamental carbon-halide bond-

breaking energy, as shown in Figure 2.3. A schematic reaction diagram of the UV photo-

polymerization of DBT is shown in Figure 2.4. 

 

 

Figure 2.1. UV exposure set-up inside an Ar gas environmental glove box. 
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Figure 2.2. Mid-UV band pass filter for UV photo-polymerization of DBT. 

 
 

 
Figure 2.3. Covalent bond dissociation energy that can initiate a radical-based UV 
photo-polymerization reaction. 
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Figure 2.4. Schematic reaction diagram of UV photo-polymerization of DBT (modified 
based on the UV photo-polymerization reaction scheme of 2,5-diiodothiophene (DIT), 
from the publications of the S. H. Kim group in PSU).[223-226] 
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2.2.2. Catalytical Synthesis of α,ω-Dibromo-Oligothiophene using Ferric 

Tribromide (FeBr3). 

0.1 mol (24.1 g) of DBT or 0.1 mol (8.4 g) of thiophene in 100 ml of chloroform was 

dropped slowly into a reactor containing 35 mg (0.22 mol) of ferric tribromide (FeBr3) in 400 

ml of chloroform, as shown in Figure 2.5. The reaction took place inside a N2 glove box for 

10 hours, and the chloroform in the reaction was distilled in advance, using CaH2 to remove 

the moisture. After the reaction was complete, polythiophne was precipitated in methanol 

(MeOH) and dried in a vacuum oven at 70oC for 24 hours. Further purifications were carried 

out to extract soluble Br-terminated oligothiophene using a soxhlet set-up in several organic 

solvents, n-hexane, acetone, THF and chloroform, in sequence. The extracted soluble α,ω-

dibromo-oligothiophene was precipitated in methanol again and dried in a vacuum oven at 

70oC for 24 hours. UVvis, FT-IR, XPS, MALDI-FOT MS and photo-fluorescent analyses 

were carried out for chemical structure verification. DSC and TGA experiments were 

performed for a better understanding of the thermal properties. 

 
Figure 2.5. Schematic reaction diagrams of catalytically synthesized Br-terminated α,ω-
dibromo-oligothiophenes. 
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2.3. Solar Cell Fabrication and Device Performance Characterization 

2.3.1. Fabrication of the P3HT:PC61BM BHJ Polymer Solar Cells  

For the fabrication of the conventional P3HT:PC61BM BHJ polymer solar cells, ITO-coated 

glass substrates were cleansed in an ultrasonic cleaning bath by dipping them sequentially in 

acetone, isopropanol and D.I. water for 30 minutes per step. As a last cleaning step, UV-

ozone treatment was applied for 30 minutes before spin casting PEDOT:PSS onto them. Half 

of the surface area of each ITO substrate was etched out using a diluted HCl:H2NO3 (1:1 

volume percentage) mixed etchant to define the solar cell working area and to prevent an 

electrical shorts during current density-voltage (J-V) characterization. PEDOT:PSS (Baytron 

P) was diluted in D.I water at a 1:1 weight percentage ratio, and the diluted solution was 

stirred for one day prior to spin casting. The diluted PEDOT:PSS solution was filtered using 

a 0.4 µm pore size Teflon syringe filter prior to spin casting. Spin casting was carried out in 

air with a spin speed of 2000~2500 rpm for one minute. The average thickness measured by 

an ellipsometer was around 40-45 nm. The PEDOT:PSS spun-cast ITO substrates were 

baked on a 120°C pre-heated hot-plate for 30 minutes in an open-air environment. The baked 

substrates were transferred to a N2 glove box, and the P3HT:PC61BM active layer was spun-

cast on them at a spin speed of 800 rpm for one minute. The average thickness was around 

100 nm, as measured by an ellipsometer. An active layer solution was prepared before spin 

casting at a ratio of P3HT (0.04g):PC61BM (0.04g) (1:1 wt%) in 4 ml chlorobenzene and was 

stirred at room temperature for a minimum of 24 hours. The active layers were spun-cast on 

the surface of the PEDOT:PSS pre-coated ITO substrates, and those substrates were 

transferred to a high vacuum chamber. A 100 nm thickness of the aluminum metal layer was 

thermally evaporated as a cathode under 10-6 Torr (1 Torr = 1.333 x 102 Pa) high vacuum 

condition. A high vacuum metal thermal evaporator system (Cressington) was used inside N2 

glove box. As a last step, the thermal annealing of the devices was carried out on a 150oC 

pre-set hot-plate for 20 minutes inside the N2 glove box.  

For the fabrication of P3HT:PC61BM BHJ polymer solar cells from the new process, UV 

photo-polymerization of DBT in the P3HT:PC61BM BHJ active films, DBT vapor was 

exposed to the active layer spun-cast substrates at 80°C for several minutes, and instantly 
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they were exposed to UV light in an Ar gas environment prior to the last aluminum metal 

electrode evaporation step. Except DBT deposition and UV exposure steps, other processes 

were carried out in the same conditions of the conventional devices. All the fabricated solar 

cells were sealed using a transparent cover glass and UV curable epoxy-acrylate adhesive 

inside of the N2 glove box to prevent photo-degradation during the J-V testing in air. The UV 

adhesive layer used for sealing the device was cured under 3-minute UV exposure using a 

365 nm TLC UV lamp. 

 
Figure 2.6. Schematic diagram of new process for the fabrication of P3HT:PC61BM 
BHJ polymer solar cells. 
 

2.3.2. Current Density-Voltage (J-V) Curve Characterization of 

P3HT:PC61BM BHJ Polymer Solar Cells 

A 150 W solar simulator was purchased from Newport and includes a 100 mW/cm-2 Xenon 

(Xe) lamp and collimate lens. An AM 1.5 G glass filter from Newport was installed in front 
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of simulated sunlight. The light spectrum was calibrated by a NREL-certified Si-photodiode 

(Hamamatsu, S1133) prior to testing the P3HT:PC61BM BHJ polymer solar cells. 

Characterization of the J-V curves of the solar cells was performed using a Keithley 2400 

source meter with four wire connections to minimize the internal resistance from the 

Keithley source meter. Each solar cell was tested a minimum of six times under dark and 

light conditions. The active area of the solar cells was 0.095 cm2. JV data analysis was 

performed using Wolfram Mathematica Version 7. 

 

2.3.3. Charge Carrier Mobility Characterization of P3HT:PC61BM BHJ 

Polymer Solar Cells 

ITO-coated glass substrates were cleansed in an ultrasonic cleaning bath by dipping them 

sequentially in acetone, isopropanol and D.I. water for 30 minutes per step. As a last cleaning 

step, UV-ozone treatment was applied for 30 minutes For the fabrication of hole-only solar 

cells, and to analyze the hole mobility in the P3HT: PC61BM BHJ polymer solar cells, the 

PEDOT:PSS layer was spun-cast on the ITO substrates. The thickness was around 40 nm. 

The substrates were baked on a 120°C pre-heated hot-plate for 30 minutes. The 

P3HT:PC61BM active layer was spun-cast on the PEDOT:PSS pre-coated ITO substrates. 

The DBT deposition and UV exposure for the DBT photo-polymerization were carried out 

under various conditions, and the active layer thickness was 100 nm. Thickness of active 

layer was measured by an ellipsometer. A 10 nm MoO3 electron blocking layer and a 100 nm 

aluminum metal electrode were evaporated sequentially under the high vacuum condition. 

The final thermal annealing was carried out on the pre-heated hot-plate (150oC) for 20 

minutes inside the N2 glove box. The devices were sealed with UV curable epoxy-acrylate 

adhesive and a cover glass under three minutes of UV light exposure using a 365 nm TLC 

lamp. For the electron-only solar cell fabrication, a 10 nm Cs2CO3 hole blocking layer was 

thermally evaporated on top of the pre-cleaned ITO substrates under the high vacuum 

condition instead of spin casting the PEDOT:PSS layer. Following the P3HT:PC61BM BHJ 

active layer spin casting step, DBT UV photo-polymerization, thermal evaporation of the 

aluminum cathode, post thermal annealing, and sealing of the solar cells were carried out 
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under the same conditions as were used for the hole-only device fabrication. However, in this 

case, there was no thermal evaporation step for the MoO3 electron blocking layer. Dark 

current density measurements for the charge carrier mobility analyses were taken under the 

standard JV test condition, as described in Section 2.3.2 regarding characterization of the JV 

curves. The charge carrier mobility was calculated using Equation 2-1 in the region of space 

charge limited current (SCLC) in the log-log scale of dark current JV curves.[227-229] 
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 where μ is the charge carrier mobility; εo is the permittivity of free space; εr is the relative 

permittivity of materials (3 for P3HT and 3.9 for PC61BM); L is the thickness of the active 

layer; and V is the applied voltage.  

 

2.4. Physical and Chemical Structural Analysis 

2.4.1. X-Ray Diffraction (XRD) 

For the studies of the crystallinity and crystalline orientation of P3HT only and 

P3HT:PC61BM BHJ active layers, Wide-Angle X-Ray Diffraction (WAXD) measurements 

were acquired on an X’Pert PRO X-ray diffractometer using a Ni-filtered Cu Kα radiation 

source (λ = 1.5405 Å) at the Shared Materials Instrumentation Facility (SMIF) at Duke 

University (Durham, NC). The voltage and current were 30 kV and 20 mA, respectively. X-

ray intensities were measured every 0.1° from 2θ = 3 to 40° at a scanning rate of 2θ = 3° per 

minute. Samples for the XRD analysis were prepared by spin casting of a P3HT: PC61BM 

BHJ or P3HT only solutions (dissolved in CB) on pre-cleaned Si or glass substrates. The 

strong diffraction peak that indicates the d-spacing of P3HT ‘edge on’ crystalline orientation 

generally showed up at 5o in all P3HT:PC61BM BHJ or P3HT only films.  

The inter-planar distance of crystalline lattice was calculated using a Bragg equation as 

shown in Equation (2-2). 

2 sinn d                                                               (2-2) 

Here, n is an integer, λ is the wavelength of incident, d is the spacing between the planes in 

the atomic lattice (inter-planar distance), and Ɵ is the scattering angle between the incident 
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X-ray and the scattering planes. 

 

Figure 2.7. Schematic diagram of Bragg diffraction in the XRD experiment (Figure is 
reproduced from[230]). 

 
Bragg diffraction occurs when electromagnetic radiation or subatomic particle waves with 

wavelength comparable to atomic spacing are incident upon a crystalline sample, scattered in 

a specular fashion by the atoms in the system, and undergo constructive interference in 

accordance to Bragg's law.  

For a crystalline solid, the waves are scattered from lattice planes separated by the inter-

planar distance d. Where the scattered waves interfere constructively, the path difference 

between two waves undergoing constructive interference is given 2dsinƟ as shown in Figure 

2.7. This explains Bragg’s law that describes the condition for constructive interference from 

the successive crystallographic plane (h,k,l) of the crystalline lattice. Strong intensities of 

peaks are acquired in the diffraction pattern when scattered waves satisfy the Bragg condition. 

 

2.4.2. Grazing Incident Wide Angle X-Ray Scattering (GIWAXS). 

Grazing Incident Wide Angle X-Ray Scattering (GIWAXS) measurements were acquired at 

beam line 7.3.3 in the Advanced Light Source (ALS) at the Lawrence Berkeley National 

Laboratory (LBNL) (experiments were performed by Eliot Gann), and at beam line X22B of 

the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL) 

(experiments were performed by Dr. Xinhui Lu). The photon energies were 10 keV (λ = 

1.2389 Å) and 8 keV (λ = 0.873 Å), respectively. An ADSC Quantum 4u CCD detector was 

equipped at beam line 7.3.3, ALS, and a CCD detector was also used at beam line X22B, 
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NSLS. Thin films for the GIWAXS analysis were prepared by spin casting solutions on Si 

wafer substrates. Data analysis was performed using Nika package (freeware software, 

downloaded from Argonne National Lab Web site) based on Igor Pro Version 6. A simple 

schematic GIWAXS experimental set-up is shown in Figure 2.8. 

 

Figure 2.8. Schematic diagram of GIWAXS experimental set-up (α is incident angle, δ 
is exit angle, υ is the in-plane scattering angle, ϕ is sample rotation angle, ki is incident 
beam and kf is the exit beam). 
 

Wide Angle X-Ray Scattering (WAXS) has a close relation with power diffraction using the 

conventional XRD. WAXS is generally used in connection with diffuse scatters with only 

short range order. WAXS regime with scattering angles is larger than 5o, the usual small 

angles approximation. When the incident angle is large enough, surface scattering features 

can be ignored for the most part. Some dynamic effects remain when the exit angle 

approaches the critical angle of the sample studied. In case of GIWAXS, it is more surface 

effective technique than the conventional WAXS or XRD. The surficial and bulk properties 

can be separately analyzed changing incident angle and less than critical angle it shows the 

surficial properties and at the critical angle the bulk property can be studied. In this thesis, the 

measured critical angle was around 0.1o. 
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2.4.3. Resonant Soft X-Ray Scattering (R-SoXS). 

Resonant soft X-ray scattering (R-SoXS) measurements were acquired at beam line 11.0.1.2 

of ALS, LBNL. The photon energy was less than 2 keV, and a CCD detector was installed. 

The size of X-ray beam on the sample was 100 x 100 µm. Free-standing films for the R-

SoXS experiments were prepared by spin-casting solutions on top of the water soluble PSS 

pre-coated glass slides and instantly dipping them into D.I. water. Films floating on the D.I. 

water surface were picked up using an aluminum frame. This aluminum frame was made by 

punching a 3 mm diameter hole in the center of thick one-sided sticky aluminum tape. Data 

analysis was performed using Nika package (free ware software, downloaded from Argonne 

National Lab Web site) based on Igor Pro Version 6. A simple schematic R-SoXS 

experimental set-up is shown in Figure 2.9.  

 

Properties of organic materials such as polymers are largely determined by their nano-scale 

morphologies. Conventional x-ray scatterings, such as Wide Angle X-Ray Scattering 

(WAXS) and Small Angle X-Ray Scattering (SAXS), are well-established and they have 

been widely used for the characterization of organic material structures. However, the 

relatively low scattering cross section and poor contrast of organic materials in the hard x-ray 

regime allow transmission measurements of thick bulk organic samples only in millimeters 

scale.  

    

Figure 2.9. Schematic diagram of R-SoXS experimental set-up. 
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In case of soft x-rays, it can effectively characterize organic thin films in nanometer scale by 

using of photon energies close to core absorption edges of the constituent atoms. Due to the 

high sensitivity of R-SoXS to specific chemical bonds, the scattering intensity between 

organic materials gets enhanced with small spectral difference and therefore, the structural 

information of tested materials can be effectively acquired.  

 

2.4.4. Fourier Transform Infrared Spectroscopy (FT-IR). 

Fourier transform infrared spectroscopy (FT-IR) was performed using a JASCO 610 Fourier 

transform infrared spectrophotometer in transmittance mode. Powder samples were ground 

with potassium bromide (KBr) and uniaxially pressed into pellets. Film samples were spun-

cast on a double-sided polished Si wafer. The FT-IR chamber was purged with dry air to 

eliminate water vapor. The spectra were collected over a range of 4000 to 400 cm-1, with a 

resolution of 2 cm-1 obtained after 64 scans. 

 

2.4.5. UVvis Spectrophotometer (UVvis). 

UVvis spectrophotometer measurements for absorption spectra analyses were acquired using 

a Varian Cary 50. The spectra were collected over a range of 300 to 800 nm. Thin films and 

solution samples were tested as spun-cast films on glass substrates and as diluted solutions in 

quartz cubes, respectively. The thermochromic effects of P3HT and α,ω-dibromo-

oligothiophenes were studied using an attached Peltier temperature controller. The UV 

photo-polymerization of DBT was performed on 10 mL of liquid phase DBT in an aluminum 

metal can under 200 W strong UV light with a mid-UV band pass filter. A 0.01 mL sample 

was taken every five minutes using a micropipette, and was diluted in a 2 mL THF vial for 

the UVvis spectrophotometer analysis. Its λmax was shown at 500 nm, and the DBT 

absorption λmax was 200 nm. The insoluble high molecular weight (HMW) polythiophene 

was precipitated in methanol. 
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2.4.6. Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass 

Spectroscopy (MALDI-TOF MS) 

Matrix-assisted laser desorption ionization-time of flight mass spectroscopy (MALDI TOF 

MS), used for absolute molecular weight analysis, was performed using a Bruker Ominiflex 

MALDI-TOF MS with 2,5-Dihydroxybenzoic acid (DHB) as a matrix. Synthesized α,ω-

dibromo-oligothiophenes were dissolved in HPLC grade tetrahydrofuran (THF) with DHB, 

and then they were dropped onto a sample stage for absolute molecular weight analysis. A 

calibration standard sample was tested together for comparison.  

 

2.4.7. X-Ray Photoelectron Spectroscopy (XPS). 

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Analytical Axis Ultra 

XPS under less than 3 x 10-8 Torr UHV at the SMIF at Duke University. A survey scan was 

performed in advance of the experiments, and a high resolution scan was performed secondly. 

Data processing was carried out using Casa XPS software. Thin α,ω-dibromo-oligothiophene 

films for the XPS analysis were prepared by spin casting solutions (5wt% in 4 ml THF) on 

pre-cleaned Si wafer substrates at 800 rpm for one minute. The thickness of the samples was 

around 100 nm, which was measured by an ellipsometer. The Si wafer substrates were 

cleaned using an ultrasonic cleaning bath and dipping them in acetone, isopropanol and D.I. 

water for 30 minutes per step, and as a last cleaning step, a UV-ozone treatment was applied 

for 30 minutes. 

2.4.8 Photo Fluorescent Experiment. 

Fluorescent studies of two different synthesized α,ω-dibromo-oligothiophenes and 

commercial polythiophene derivatives, P3HT and dihexylsexithiophene, were undertaken 

using a simple TLC lamp. The wave length of the excitation light was 365 nm, and 

chlorobenzene (CB) and tetrahydrofuran (THF) were used as solvents. Depending on the 

conjugated length (molecular weight), different colors of fluorescence were monitored. 

Photographs of the fluorescence of the different materials were taken using a Canon digital 

camera in a dark room.   
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2.5. Thermal Property Analysis 

2.5.1. Thermal Gravimetric Analysis (TGA) 

Sample degradation temperatures and thermal stability were examined using a TA 

Instruments Q5000 thermal gravimetric analyzer (TGA). The examined temperature range 

was from 25°C to 600°C at a ramp rate of 5°C/min. Samples were heated in an atmosphere of 

nitrogen with sample masses of approximately 10 mg. A platinum pan and hang-down wire 

were used when heating the samples.  

 

2.5.2. Differential Scanning Calorimeter (DSC) 

Transition temperatures for the samples were found using a TA Instruments Q1000 

differential scanning calorimeter (DSC) with a liquid nitrogen cooling capacity. Calibration 

of the cell constant was performed using circular sapphire disks ranging in temperature from 

-140°C to 300°C. Temperature calibration was performed using indium metal that has a 

melting point of 156.61°C. The temperature accuracy after calibration is stated by the 

manufacturer to be 0.1°C. The calibrations were performed using standard aluminum sample 

pans with a heating rate of 10 °C/min under helium gas, and cooling was performed using 

liquid N2. The data were analyzed using TA Universal Analysis software. Thermal 

examination of the samples was performed while the samples were under a helium purge of 

25ml/min. All heating and cooling rates were conducted at 10°C/min. The DSC traces 

reported in this dissertation were obtained from the second heating cycle. The sample masses 

for testing were on the order of 10 mg and sealed in a standard aluminum sample pan. 

 

2.6. Surface Property Analysis 

2.6.1. Atomic Force Microscopy 

Atomic force microscope (AFM) images were collected using an Asylum MFP-3D at the 

Asylum Company located on NCSU’s Centennial Campus. These experiments were 

conducted in non-contact taping mode and scanned at 1 Hz with a resolution of 512 x 512 
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pixels. The scanning probes employed were Vista Probe T300R-25 non-contact mode silicon 

tips with a nominal resonance frequency of 300 kHz. The minimal digital z-step direction is 

15 picometers. Data analyses, including two-dimensional FFT analysis, were performed 

using WSxM software (freeware software, downloaded from Nanotec web site). 

 

2.7. Computational Simulation  

2.7.1. Solubility Parameters 

HSPiP Version 3.1 was purchased from Hansen-solubility.com. Hildebrand and Hansen 

solubility parameters of P3HT, C60, PC61BM, oligothiophenes and several commercial 

solvents, such as CB, DCB, toluene, thiophene, dichlomethane (DCM), chloroform and DBT, 

etc., were calculated using the official Hansen solubility software, HSPiP. Three-dimensional 

Hansen-solubility parameter spheres were plotted using Wolfram Mathematica Version 7. 
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3. UNDERSTANDING CONVENTIONAL THERMAL ANNEALING 

AND SOLVENT ANNEALING FOR THE ENHANCED 

PERFORMANCE OF P3HT:PC61BM BHJ POLYMER SOLAR CELLS 

 
3.1. Background 

The morphology of P3HT:PC61BM BHJ active layer is affected from the processing 

conditions during spin coating. The incompatibility of two component materials and their 

interaction with a spin coating solvent result in different morphology in a P3HT:PC61BM 

BHJ active layer. Good spin-coating solvents, such as CB and ODCB, which have good 

solubility for both P3HT and PC61BM, can lead to much finer morphology than other 

solvents, such as toluene and xylene. The morphology evolved during spin coating is not 

enough to have the improved performance of BHJ polymer solar cells, due to the low degree 

of crystallinity. Therefore, a post annealing is required to enhance the degree of crystallinty 

of P3HT and to have the further phase separation between P3HT and PC61BM. 

Two commonly used post processes can results in the further morphology and crystallinity 

change of P3HT:PC61BM BHJ polymer solar cells: 1) thermal annealing, also called 

thermally induced phase separation (TIPS), and 2) solvent annealing, also called solvent 

induced phase separation (SIPS). Thermal annealing is the most popular post casting. It 

applies high temperature (in a range of 120 ~ 150oC), which is above Tg of P3HT for 5 ~ 30 

minutes to the P3HT:PC61BM BHJ active layer to enhance the degree of crystallinity of 

P3HT and the phase separation between P3HT and PC61BM. Solvent annealing is another 

effective process to control the morphology and crystallization of a P3HT:PC61BM BHJ 

active layer with exposure to selective or nonselective solvents. Based on experimental 

results, a solvent that has good affinity with PC61BM and relatively poor interaction with 

P3HT leads to improved morphology during solvent annealing, which leads in an improved 

PCE. The morphology of a solvent annealed P3HT:PC61BM BHJ active layer strongly 

depends on the annealing solvent solubility and vapor pressure, with lower vapor pressure 

generally indicating a higher boiling point. Further improvement of the P3HT:PC61BM BHJ 

polymer solar cells from this solvent annealing process may be achieved under optimal 

process conditions. However, despite inherent limitations, such as the limited number of 
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optimal solvent options and the lack of a fundamental theory for deeper understanding, the 

thermal annealing is still the most popular post casting process to enhance the performance of 

P3HT:PC61BM BHJ polymer solar cells.  

In this Chapter, using several advanced scientific techniques, GIWAXS, R-SoXS[219-221] 

and AFM as well as Hansen solubility calculation, the morphology and crystallinity changes 

during those annealing processes are studied. 

 

3.2. Thermal Annealing for Enhanced Crystallization and Morphology 

Control of P3HT: PC61BM BHJ Active Layers 

3.2.1. Solvent Effect on Spin Coating of BHJ Active Layers: Hansen 

Solubility Parameters Calculation 

Spin coating a homogeneous solution, which P3HT and PC61BM are dissolved in a good 

solvent such as CB, on the substrates drives the phase separation. In general, under the 

optimal spin coating condition, the miscibility decrease of P3HT and PC61BM is sufficient 

for fine phase separation around 10 nm. As discussed in the first section of this chapter, two 

annealing processes are commonly used to control the morphology and crystallization of 

P3HT: PC61BM BHJ polymer solar cells.  

 

The molecular interactions between several good solvents and, P3HT and PC61BM are 

calculated using Hansen solubility parameter sphere models as shown in Figure 3.1. Good 

solvents such as CB and DCB, which locate inside Hansen solubility parameters spheres of 

P3HT and PC61BM, are closer to the centers of the spheres exhibit excellent solubility that 

results in a finer morphology in a BHJ active layer during spin coating process than those 

that are closer to the perimeter, such as toluene and xylene, or outside of the spheres. 

The Flory-Huggins interaction parameters (χ12) of CB, which are based on the interactions 

with P3HT and PC61BM, are calculated using Hansen-solubility parameters.[168] These 

calculated values are 0.24 and 0.16 based on the interactions with P3HT and PC61BM 
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respectively. These numbers indicate that CB is a good solvent that dissolves both P3HT and 

PC61BM well, thus leading to a fine phase separation during the spin coating of the BHJ thin 

film. All the calculated Hansen solubility parameters and Flory-Huggins interaction 

parameter[168] values based on the interactions between solvents and, P3HT and PC61BM 

are summarized in Table 3.1.  

 
Figure 3.1. Hansen-solubility parameters (δD, δP, δH) sphere models of (a) P3HT and (b) 
PC61BM in good solvents. (The Ra (interaction radius) of solvents is not shown here and 
different colors indicate different solvents only and no special meaning). 
 

Based on above solubility calculations, all the P3HT:PC61BM BHJ active layers that are 

prepared in this paper, are spun cast by using chlorobenzene (CB) at 800 rpm for 1minute, 

followed by 150 °C 20min post thermal annealing. 

In general, fine morphology is created during the spin coating of a P3HT:PC61BM BHJ 

active layer due to the decrease of miscibility between P3HT and PC61BM with the relatively 

slow evaporation rate of CB. The crystallization of P3HT is enhanced via the thermal 

annealing for better photon absorption and improved charge transport. However, the 

substantial crystalline growth (micron scale) of PC61BM should be minimized during thermal 

annealing to allow a larger interfacial area that is required to have the better charges 

separation efficiency, and to have the enhanced charges transport.  
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Table 3.1. P3HT/ PC61BM solubility in good solvents (calculated by Hansen solubility parameters @ 25°C). 
Solute & Solvents δD  δP  δH δT (MPa1/2)a Ro or Ra REDb χ12

c Solubility 

Poly(3hexylthiophene)P3HT 19.1 3.9 6.4 20.52 6.43 (Ro) - - - 

Thiophene 18.9 2.4 7.8 20.58 2.09 0.33(Best) 0.05 Soluble 

Chloroform 17.8 3.1 5.7 18.95 2.81 0.44 0.10 Soluble 

1,3,5-Trichlorobenzene (TCB) 20.2 5.9 3.9 21.40 3.88 0.60 0.18 Soluble 

o-Dichlorobenzene (ODCB) 19.2 6.3 3.3 20.47 3.93 0.61 0.19 Soluble 

2,5-dibromothiophene (DBT) 20.1 7.1 7.7 22.67 3.99 0.62 0.19 Soluble 

Chlorobenzene (CB) 19.0 4.3 2.0 19.58 4.42 0.69 0.24 Soluble 

Toluene 18.6 1.5 2.1 18.78 5.02 0.78 0.31 Soluble 

o-Xylene 17.8 1.0 3.1 18.10 5.10 0.79 0.32 Soluble 

3-Hexylthiophene(3HT) 17.4 0.6 4.2 18.30 5.22 0.81(Worst) 0.33 Soluble 

 
Solute & Solvents δD δP δH δT (MPa1/2)a Ro or Ra REDb χ12

c Solubility 

PC61BM 19.39 5.91 4.96 20.87 6.2 (Ro) - - - 

o-Dichlorobenzene (ODCB) 19.2 6.3 3.3 20.47 1.75 0.28(Best) 0.04 Soluble (47mg/ml)55 

1,3,5-Trichlorobenzene (TCB) 20.2 5.9 3.9 21.40 1.94 0.31 0.05 Soluble 

2,5-dibromothiophene (DBT) 20.1 7.1 7.7 22.67 3.31 0.53 0.14 Soluble 

Chlorobenzene (CB) 19.0 4.3 2.0 19.58 3.46 0.56 0.16 Soluble (35mg/ml) 55 

Chloroform 17.8 3.1 5.7 18.95 4.31 0.69 0.24 Soluble (26mg/ml) 55 

Thiophene 18.9 2.4 7.8 20.58 4.62 0.75 0.28 Soluble 

Dichlormethane (DCM) 17 7.3 7.1 19.82 5.42 0.87 0.38 Soluble 

Toluene 18.6 1.5 2.1 18.78 5.49 0.89 0.39 Soluble 

o-Xylene 17.8 1.0 3.1 18.10 6.14 0.99 0.49 Soluble (15mg/ml) 55 

3-Hexylthiophene (3HT) 17.4 0.6 4.2 18.30 6.24 1.01(Worst) 0.51 Partially soluble 

a: Hildebrand Solubility Parameter (δ2
T=δ

2
D+δ2

P+δ2
H), b: Relative Energy Density (RED) of Hansen Solubility Parameter (RED= Ra/Ro), c: χ12= χc(RED)2 
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3.2.2. Morphological Evolution of P3HT:PC61BM BHJ Active Layers Due 

to Thermal Annealing 

From the AFM analysis of as-cast and thermally annealed P3HT:PC61BM BHJ active layers, 

the surface morphology are compared as shown in Figure 3.2. 

  
Figure 3.2. AFM images of as-cast and thermally annealed (150°C, 30 min) 
P3HT:PC61BM BHJ thin films. ((e) and (f) are 2D-FFT of phase images). 
 

From the AFM analysis, it is clearly shown that the main critical step for the phase separation 

of P3HT and PC61BM is the spin coating process. As shown in Figure 3.2, there are no 

significant differences in the surface morphology between as-cast and thermally annealed 

BHJ active layers. The surface domain size of an as-cast BHJ active layer is compared with 

that of a thermally annealed one using the 2D-FFT analysis of the AFM phase mode images 

as shown in Figure 3.2 (e) and (f) and the 2D profiles of FFT analysis are shown in Figure 

3.3 (a). There is a slight increase in the average lateral domain size of a thermally annealed 

BHJ active layer (12.3 nm) compared with that of an as-cast one (11.2 nm) and this increase 

is due mainly to the domain size increase that is based on the enhanced crystallization of 
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P3HT and PC61BM. A domain size is half of the d-spacing value in 2D-FFT and the d-

spacing value in the real space 2D AFM phase images has a relationship of d (Ǻ) = 2π/q with 

the q (Ǻ -1) in the reciprocal space. 

The thermal annealing enhances the crystalline phase ordering of P3HT inside the BHJ film 

also and results in a bathochromic shift (red shift) of the P3HT absorption peak (λmax) from 

500 to 520 nm and an intensity enhancement of absorption λmax at around 520 nm, as shown 

in Figure 3.3 (b). The shoulders around the 550 nm and 600 nm peaks are related to the 

enhanced intermolecular crystalline phase packing and the intensity increases of those peaks 

are clearly shown. The intensity of PC61BM absoprtion peak  (λmax) around 320 nm is 

generally known not to increase during the thermal annealing regardless of a large PC61BM 

cluster formation. 

 
Figure 3.3. (a) 2D-FFT profiles of phase mode images that are shown in Figure 3.2 for 
lateral domain size analyses, and (b) UVvis spectrophotometer absorption spectra of 
them. (The samples are as-cast and thermally annealed (150°C, 30 min) P3HT: PC61BM 
BHJ thin films, thickness = 100 nm). 
 

The R-SoXS data for P3HT:PC61BM BHJ active layers with and without thermal annealing 

are shown in Figure 3.4. Samples are prepared using free-standing film and the film floating 

method on the water surface. The R-SoXS experiments are carried out using 284.2 eV X-ray 

energy, at beam line 11.0.1.2 of ALS, LBNL. R-SoXS data show the bulk morphological 

information of P3HT:PC61BM BHJ Active Layer. 

The strong scattering intensity is derived mainly from the strong scattering from the pure 

crystalline phase of P3HT and PC61BM. Therefore, the as-cast film does not show strong 
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intensity over the entire scan range compared to the thermally annealed film. Because 

thermal annealing enforces the crystallization of the BHJ active layer and further phase 

separation between P3HT and PC61BM, the scattering intensity of the thermally annealed 

film was enhanced dramatically due mainly to the increased scattering contrast. The bulk 

domain size with thermal annealing (150oC, 20 minutes) is seen to be around 12~15 nm (A 

domain size is half of the d-spacing value and the d-spacing value in the real space has a 

relationship of d (nm) = 2π/q with the q (nm-1) in the reciprocal space), and matches well 

with that from the AFM 2D-FFT results of phase mode images in Figure 3.3 (a). In case of 

the as-cast sample, it has broader domain size distribution than that of thermally annealed 

one.    

 
Figure 3.4. R-SoXS data of as-cast and thermally annealed (150°C, 30 min) P3HT: 
PCBM BHJ active layers (thickness = 100 nm).  
 
The PC61BM cluster growth, as shown in Figure 3.5, is also a common phenomenon in a 

thermally annealed BHJ active layer.[185, 192] PC61BM cluster growth is a significant issue 

in the study of P3HT:PC61BM BHJ polymer solar cells. PC61BM has been used widely in 

BHJ polymer solar cells as an n-type material, due to its excellent electrical properties as an 
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excellent electron acceptor that can accept six electrons per molecule. However, PC61BM can 

grow up to several tens of µm in length under prolonged post thermal annealing, as shown in 

Figure 3.5. PC61BM cluster growth may be a factor not only in the fabrication process but 

may also affect the life time of the solar cells.  

Still, debate remains about the effect of PC61BM cluster growth on the performance of the 

P3HT:PC61BM BHJ polymer solar cells, it is generally believed that PC61BM cluster growth 

should be minimized for optimal P3HT: PC61BM BHJ polymer solar cells. 

 

Figure 3.5. PC61BM cluster growth in a P3HT: PC61BM BHJ active layer under 
thermal annealing: (a) 5 minutes annealed and (b) 180 minutes annealed at 180oC 
(Experiments were performed by Lewis Guignard). 
 

3.2.3. Crystalline Phase Growth and Orientation of P3HT:PC61BM BHJ 

Active Layers in Thermal Annealing 

Wide angle x-ray scattering for the crystallinity analysis is performed using a GIWAXS 

technique at beam line 7.3.3, ALS, LBNL and the results are shown in Figure 3.6.  

As expected based on the analysis of the UVvis absorption spectra in Figure 3.3 (b), the 

crystallization of P3HT is enhanced with thermal annealing. In out of plane scattering, a 

(100) peak, which is related to the ‘edge on’ crystalline phase orientation, becomes sharper, 

and its intensity becomes much stronger than that of as-cast. It means that the crystalline 

phase size becomes larger and the absolute amount of crystallinity is much more enhanced 

than that of an as-cast BHJ active layer.  
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Figure 3.6. GIWAXS data of as-cast and thermally annealed (150°C, 20 min) 
P3HT:PC61BM BHJ active layers (thickness = 100 nm) on Si substrates in out-of- plane 
scattering (incident angle = 0.1o) (Experiments were performed by Eliot Gann at ALS). 
 
For the exact estimations of the changes in the degree of crystallinity and the size of 

crystalline phase during the thermal annealing, the peak area of crystalline phases were 

integrated for the comparison of degree of crystallinity and the size of crystalline phases of 

‘edge on’ (from (100)) and ‘face on’ (from (010)) crystalline orientations were calculated 

using a Debye-Scherrer equation[188], which is based on the measured Full Width at Half 

Maximum (FWHM) values.  

0.9

B

t
Bcos




                                                            (3-1) 

Where λ is the x-ray beam wave length (1.2389Ǻ at ALS); B is the FWHM value in rad; and 

ƟB is the center position of the B value. The calculated results are summarized in Table 3.2.  
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Table. 3.2. Calculated degree of crystallinity and crystalline phase sizes of P3HT in an 
as-cast and thermally annealed (150oC, 20-minutes) P3HT:PC61BM BHJ films 

 Imax Peak Area  2(rad)  1(rad) B ƟB t(nm) 
As-cast 
 (100) 

413.64 39.54 0.031 0.04 0.009 0.035 12.53 

Thermal 
(100) 

 
806.25 

 
45.34 

 
0.034 

 
0.039 

 
0.005

 
0.036 

 
22.32 

(010) 51.45 9.35 0.156 0.173 0.017 0.165 6.57 
 
In the out of plane scattering, the integrated peak area of (100) peak, a major peak that stands 

for an ‘edge on’ orientation of P3HT, in a thermal annealed BHJ active layer is increased to 

45.34 compared with that of an as-cast  as 39.54. It indicates that the total amount of ‘edge 

on’ oriented crystalline phase increases approximately 14.7% with thermal annealing when it 

is compared with that of an as-cast.  

The sizes of crystalline phases of P3HT that were calculated by equation (3-1) are 12.53 nm 

and 22.32 nm in the as-cast and thermally annealed films, respectively. As expected, the 

results indicate not only the degree of crystallinity but also the size of crystalline phase of 

P3HT increases with thermal annealing. Both the ‘edge on’ and ‘face on’ crystalline 

orientations of P3HT exist together after post thermal annealing, and the ‘face on’ crystalline 

orientation is represented by a (010) peak. The crystalline size of the (010) crystalline phase 

after post thermal annealing, calculated using a Scherrer equation, is 6.73 nm, with no (010) 

scattering peak in the as-cast film. The ‘edge on’ crystalline phase is the dominant phase of 

P3HT on the hydrophilic substrate surface[231], which serves to minimize the contact area 

between hydrophobic long alkyl side chains and the hydrophilic substrate surface; therefore, 

the stacked π-π orbitals direction of the thiophene rings is parallel to the substrate surface. 

The ‘edge on’ crystalline phase enhances the intermolecular charge carrier mobility in the 

same direction of the stacked π-π orbitals direction of the thiophene rings. The ‘face on’ 

crystalline phase has stacked π-π orbitals of thiophene rings in the perpendicular direction to 

the substrate surface, and this phase enhances the intermolecular charge carrier percolation in 

the same direction of the electrical fields between cathode and anode electrodes. The ‘face 

on’ crystalline orientation is preferred for the P3HT: PC61BM BHJ polymer solar cells, but it 

is not the primary crystalline phase in conventional P3HT: PC61BM BHJ polymer solar cells. 
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The effect of the directional orientation of the P3HT crystalline phase (‘edge on’ is preferred 

in OTFT applications) on charge carrier mobility has been reported by many researchers as 

an improvement of the electrical mobility in OTFT applications.[183, 232, 233] It has also 

been reported that the charge carrier mobility of the P3HT: PC61BM BHJ polymer solar cells 

are enhanced by ‘face on’ P3HT crystalline phase orientation.[231]  

 

Because the thermal annealing was carried out on a hot-plate, the variations of the vertical 

crystalline phase orientations and crystalline sizes are studied at various X-ray incident 

angles using a 100 nm thick P3HT: PC61BM BHJ active layer, as shown in Figure 3.7. The 

calculated critical incident angle is 0.1o, and values below this angle (0.05o) provide 

information about the surface only, whereas larger incident angles, such as 0.15o and 0.2o, 

provide information regarding the bulk properties of the film. The experiments are performed 

at Brookhaven National Laboratory (BNL).  

All the characteristic peaks under the higher incident angles over the critical angle (0.1o) are 

shifted slightly in the low q direction in the bulk of the film, and peaks width get sharp as 

compared with that of the surface, as shown in Figure 3.8. That is, the crystalline size inside 

the bulk film is slightly larger than that on the surface. It is understood that this effect stems 

from the thermal annealing. Thermal annealing is carried out from the bottom side of the 

substrate, which is the side that contacted the hot-plate. Thus, the crystalline size of the 

bottom of the film slightly increased compared to the crystalline size where air contacted the 

top surface; this phenomenon is due to temperature-induced strain, such as thermal expansion, 

on the film. This occurrence indirectly explains the vertical morphology formation.[234]  
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Figure 3.7. GIWAXS out-of-plane scan data at various incident angles (sample: a spin 
cast P3HT: PC61BM BHJ thin film with thermal annealing (150°C, 30 min), thickness = 
100 nm) (Experiments were done by Xinhui Lu at NSLS). 
 

Vertical segregation of P3HT and PC61BM are affected by surface energy interactions with 

air and substrate interfaces. The reported surface energies of P3HT and PC61BM are 26 

mN/m and 38.2 mN/m, respectively.[235] It has been reported that P3HT segregates toward a 

top surface that contacts air due to its hydrophobic property, and that PC61BM moves to the 

opposite, or bottom, side that contacts an anode for a very short time during the post thermal 
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annealing process.[234] It is the opposite direction that is preferred for optimal P3HT: 

PC61BM BHJ polymer solar cells. Based on this study’s GIWAXS results, even though it is 

not a major factor, the thermal annealing direction and crystalline size variation may also 

affect the vertical morphological evolution of P3HT:PC61BM BHJ polymer solar cells.  

 
Figure 3.8. Normalized GIWAXS out-of-plane peaks data at various incident angles 
based on the experiments shown in Figure 3.7. 
 

3.2.4. Model for Morphological Evolution of P3HT:PC61BM BHJ Polymer 

Solar Cells in Thermal Annealing 

In this chapter 3, fundamental phenomena in a P3HT: PC61BM BHJ active layer during the 

thermal annealing process are examined. The thermal annealing process is currently the most 

effective post casting process that can produce the best P3HT: PC61BM BHJ polymer solar 

cells. However, there are several demerits, such as the wrong P3HT orientation, the wrong 

vertical segregation of materials and large PC61BM crystalline phase growth, should be 

improved or modified for the improved P3HT: PC61BM BHJ polymer solar cells. 
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In general, there are two popular models that explain the morphological evolution in 

P3HT:PC61BM BHJ polymer solar cells:  

A) First is that used in this paper to explain morphological evolution. This model suggests 

that the morphological evolution in a two-step wise process: 1) fine domain formation comes 

during the spin coating process based on spinodal decomposition (incompatibility of two 

component materials in a blend), 2) followed thermal annealing enhances further 

morphological evolution with the crystalline phase growth.[110, 119, 124, 236] 

B) The other explains the whole morphological evolution of the P3HT:PC61BM BHJ 

morphology using the crystalline phase growth only. In this case, it is assumed that there is 

no phase separation during spin coating process and the morphology evolves during the 

thermal annealing process.[130, 133, 194] 

 
Figure 3.9. Schematic diagrams of phase separation and crystallization of 
P3HT:PC61BM BHJ polymer solar cells: (a) homogeneous solution, (b) as-cast phase 
separated film, and (c) growth of crystalline phases after thermal annealing. 
 

Based on all the experimental results, the morphological evolution developed using a 

conventional thermal process is suggested as schematic diagrams in Figure 3.9. The main 

morphology evolves from a homogeneous solution (a); and a good homogenous solution 

such as a CB based solution leads to fine morphology during the spin coating process (b). 

The final post thermal process enhances the crystallization of both P3HT and PC61BM (c).  

Therefore, it is thought that not only spin coating but also post thermal annealing is critical 

process to have the improved performance of the P3HT:PC61BM BHJ polymer solar cells.  
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3.3. Solvent Annealing for Enhanced Crystallization and Morphological 

Control of P3HT: PC61BM BHJ Active Layers 

3.3.1. Solvent Effect on Spin Coating Process and Solvent Annealing for 

P3HT:PC61BM BHJ Active Layers 

The solvent annealing process appears slightly more complicated than the thermal annealing 

process because the critical factors to be considered are solubility and vapor pressure of 

solvents. Although the requirements for the annealing solvents appear similar to those for the 

spin coating solvents, several differences exist. The highest priority for a solvent for the spin 

coating process is excellent solubility for the target solutes. ODCB is known as the best 

solvent, and exhibits excellent solubility for P3HT and PC61BM. Its Flory-Huggins 

interaction parameters (χ12), calculated based on its interactions with P3HT and PC61BM, are 

0.19 and 0.04, respectively, as shown in Table 3.1. These parameters were calculated using 

Hansen solubility parameter sphere models. Additionally, the boiling point of ODCB is 

180oC, which is 50oC higher than that of CB, and therefore, the vapor pressure is low enough 

to allow an excellent homogeneous solution during the spin casting process. It takes a long 

time to create a solidified film, so the slow solvent evaporation rate of ODCB during the spin 

coating process results in a much finer phase separation than that of CB. However, when 

ODCB is used in the solvent annealing process as a solvent, it can easily dissolve the whole 

BHJ film, unless special care is taken, rather than enhance the crystallinity and morphology 

of the film. Solvent annealing is generally preferred to take place within a short time; thus, it 

is hypothesized that a relatively selective solvent is better than a good solvent for this 

application. 

For example, similarly to ODCB, DBT is a relatively good solvent option for the solvent 

annealing step, although PC61BM has lower solubility in DBT than in ODCB. The Flory-

Huggins interaction parameters (χ12), calculated based on the interactions with P3HT and 

PCBM using the Hansen-solubility parameters, are 0.19 and 0.14, respectively. The 

interaction level of DBT with P3HT is almost the same as that of ODCB, but the interaction 

level of DBT and the resultant solubility with PC61BM is much smaller than that in ODCB 
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(χDBT/PC61BM = 0.14 and χODCB/PC61BM  = 0.04). Therefore, DBT does not dissolve the BHJ layer 

as much as ODCB during the solvent annealing process. Thus, DBT could work as a better 

solvent option for the solvent annealing than ODCB. Furthermore, it has a much lower vapor 

pressure due to its higher boiling point (bp) of 211oC than that of ODCB (180oC). The 

calculated interactions between several solvents and P3HT:PC61BM using Hansen solubility 

parameter sphere models are shown in Figure 3.10.  

 
Figure 3.10. Calculated Hansen-solubility parameters (δD, δP, δH) and sphere models of 
P3HT and PC61BM in different solvents: (a)-(d) for P3HT, (e)-(h) for PC61BM 
(Different colors means different solvents and no special meaning in the used colors). 
 

The radius of the spheres represents the interactional distance between the BHJ components 

and each solvent. If a solvent sphere is completely inside a solute sphere, the solvent will 

have better solubility with the BHJ components than a case where the solvent sphere is 

outside the solute sphere. Therefore, for the application of a spin coating process to allow a 

uniform and thin BHJ active layer on the substrate, a solvent should have good interactions 

and excellent solubility with both the P3HT and PC61BM BHJ components. Additionally, a 

low vapor pressure that comes from the high boiling point (bp) helps to create a uniform thin 

film. However, if the vapor pressure is too low, it could result in a non-uniform BHJ active 

layer during the spin coating process, especially at a slow spin coating speed. The thin film 

thickness is affected by both the spin coating speed (the solvent evaporation rate) and the 

solid content in the spin casting solution. Due to the increased solvent evaporation rate with 
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increasing spin coating speed, the film thickness decreases if there is no additional increase 

of the solid content. Because the solid content in a solution is limited also by the solubility 

limit of a solute in a solvent, it is not easy to control the film thickness by only one factor, i.e., 

either the spin coating speed or the solution concentration. Both CB and DBT have relatively 

good interactions with BHJ solutes, but the boiling point (bp) of DBT is so high, when 

compared with that of CB, is not a good spin coating solvent option at slow spin casting 

speeds, as explained heretofore. 

In the case of thiophene, it exhibits excellent solubility with P3HT, but poor solubility with 

PC61BM. 3HT exhibits poor solubility for both P3HT and PC61BM. Due to these solubility 

outcomes for P3HT and PC61BM, both thiophene and 3HT are not considered as good 

candidates for the spin coting and the solvent annealing processes. Additionally, they have 

low boiling points at 84oC and 65oC, respectively, and the associated fast solvent evaporation 

rates lead to rough morphology, even in the isolated saturated solvent annealing condition. 

Therefore, as can be seen in Figure 3.10, CB and DBT are selected as good candidates for the 

post solvent annealing application among the four candidates that have distinctly different 

interactions with the BHJ components. During my experiments of solvent annealing using 

different solvents, it was empirically confirmed that a solvent with good solubility for 

PC61BM and slightly poor solubility for P3HT results in a finer morphology and higher 

current density of P3HT:PC61BM BHJ polymer solar cells. 

 

From the 2D-FFT analysis of AFM phase mode images of solvent annealed P3HT:PC61BM 

BHJ active layers, it is proved that the use of DBT leads to finer morphology due to its low 

vapor pressure and selective interaction with BHJ constituents and it will be discussed in next 

sub-chapter 3.3.2. 
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3.3.2. Morphological Evolution of P3HT:PC61BM BHJ Active Layers in 

Solvent Annealing 

The AFM images of solvent annealed P3HT: PC61BM BHJ films are shown in Figure 3.11. 

Substantial differences are evident in the morphology of the P3HT: PC61BM BHJ active 

layers that are exposed to the four different solvent vapors.  

 
Figure 3.11. AFM images of vapor annealed P3HT: PC61BM BHJ films: first column is 
height, second column is phase and third column is 2D-FFT of phase images; CB and 
DBT at 80oC, 1 min; thiophene and 3HT at 50 oC, 1 min; scale bar is 200 nm.   
 

Although CB produces finer lateral morphology than any of the other solvents and is a good 

solvent during the spin coating process, it is not the best for solvent annealing. CB exhibits 

poorer lateral morphology at 80oC for 1 minute, i.e., ((d) and (e)) than those from as-cast ((a) 

and (b)) or DBT solvent annealed ((j) and (k)) films. These findings support the calculations 

based on the Hansen solubility parameters sphere model. Thiophene ((g) and (h)) and 3HT 
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((m) and (n)) are tested at 50oC for 1 minute as the candidate solvents for the solvent 

annealing; however, as expected from the calculations, they are not successful due to the high 

vapor pressures from the low boiling points (bp) and the relatively poor solubility with 

PC61BM. 

The lateral morphology using DBT at 80 oC for 1 minute ((j) and (k)) is much finer than that 

of the other films, regardless of thermal annealing, as shown in Figure 3.11. As discussed, the 

thermal annealing enhances the crystallization of P3HT and PC61BM in the P3HT: PC61BM 

BHJ active layers and the thermally induced final morphology of the solvent annealed films 

generally improved, except a film annealed in a thiophene vapor.  

 

The R-SoXS scattering intensity of the DBT annealed sample is compared with other 

samples processed with different solvents, such as 3HT and thiophene. Samples are prepared 

as 100nm thin free-standing films using the film floating method on the water surface. The 

R-SoXS experiments are carried out using 284.2 eV X-ray energy, at beam line 11.0.1.2 of 

ALS, LBNL. R-SoXS data show the bulk morphological information of P3HT:PC61BM BHJ 

Active Layers. The strong scattering intensity is derived mainly from the contrast difference 

of two BHJ constituents. As shown in Figure 3.12, a DBT annealed P3HT:PC61BM BHJ 

active layer is still less intense than the other two samples that are annealed using 3HT and 

thiophene. It means that a DBT annealed P3HT:PC61BM BHJ active layer has much more 

intermixed region than others annealed using different solvents. This finding strongly 

supports that DBT is the best annealing solvent among the four different tested solvents, and 

these results match well with not only surface morphology data from AFM but also the 

expectation based on the Hansen solubility parameters calculation.  
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Figure 3.12. R-SoXS data of post solvent annealed P3HT: PC61BM films using various 
annealing solvents (thickness of films = 100 nm). 
The UVvis absorption spectra of the post solvent annealed P3HT:PC61BM BHJ active layers 

using CB, thiophene, DCB and 3HT are shown in Figure 3.13. Thiophene is the best, and 

3HT is the worst selection when only the absorption spectrum is considered. Thiophene is 

not a good selection for the morphology control of a BHJ film, even though it is good for the 

growth of the P3HT crystalline phase during solvent annealing (Figure 3.13 (c)). It appears 

that the best P3HT absorption spectrum is produced using thiophene in the solvent annealing 

process (Figure 3.13 (a~b)), despite its poor morphology, which may be due to the structural 

similarity of thiophene with P3HT and the resultant strong interaction between them. The 

absorption spectra enhancements can be explained by the strong intermolecular interaction 

between thiophene ring-based solvents that are used and P3HT, and may be due also to the 

high possibility of its interdigitation into the P3HT crystalline phase during the solvent 

annealing and the resulted enhancement of the π-π orbitals overlap.  Strangely, even though 

3HT has the same chemical structure of P3HT, it is not as effective, not only in terms of 

morphology control but also in terms of P3HT crystalline phase growth. This phenomenon 

appears to be due to the high vapor pressure of 3HT that comes from the low boiling point 
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(bp) – as low as 65oC – and the poor solubility with both P3HT (χ3HT/PC61BM = 0.33) and 

PC61BM (χ3HT/PC61BM  = 0.51).  

 
Figure 3.13. UVvis spectrophotometer absorption spectra of solvent annealed P3HT: 
PC61BM BHJ thin films: (a) full spectra, (b) zoomed-in P3HT spectra and (c) 
characteristic absorption peaks maximum intensity ratio between P3HT (517 nm) and 
PCBM (334 nm). 
 
Considering both the fine morphology and the crystalline phase growth, the best solvent for 

the solvent annealing among the three thiophene-based solvents (3HT, thiophene and DBT) 

is DBT. Furthermore, it means that the high degree of the crystallinity does not indicate the 

good morphology or small domain size in a P3HT:PC61BM BHJ active layer.  

In addition, from the calculated Hansen solubility parameters (δD, δP, δH) and Flory-Huggins 

interaction parameters (χ12) of the tested materials, including several candidate solvents and 
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BHJ components (P3HT and PC61BM), the selection of DBT as the best annealing solvent is 

also strongly supported, as shown in Table 3.1. Thiophene is too good with P3HT and 

relatively bad solvent with PC61BM, and 3HT is bad with both P3HT and PC61BM. These 

two solvents do not follow the empirical statement set forth in this study that a solvent that 

has relatively poor solubility with P3HT and good solubility with PC61BM is the best fit for 

the solvent annealing process in order to produce finer morphology. 

 

3.3.3. Morphological Evolution of P3HT:PC61BM BHJ Active Layers in 

DBT Based Solvent Annealing 

DBT is a staring material, which is a reactive thiophene base monomer, for the new post 

casting process, in situ UV photo-polymerization induced morphology control of the 

P3HT:PC61BM BHJ polymer solar cells. As a pre-step, DBT based solvent annealing (or 

DBT deposition) is critical to have small domain size and high degree of crystallinity in this 

new post casting process. 

 From the AFM, R-SoXS and UVvis spectrophotometer results, it is proved that DBT is a 

good solvent for solvent annealing In addition, based on the Hansen solubility parameters 

calculations of several solvents (as shown in Table 3.1), DBT appears to be a promising 

option as an annealing solvent too, especially when it is combined with thermal annealing. 

Thus, DBT could lead to fine morphology and high crystallinity of the P3HT:PC61BM BHJ 

polymer solar cells  

 

The R-SoXS scattering intensity of the DBT annealed BHJ active layers in various annealing 

times are compared with that from the conventional thermal annealing only as shown Figure 

3.14. Samples are prepared using free-standing film and the film floating method on the 

water surface. The R-SoXS experiments are carried out using 284.2eV X-ray energy, at beam 

line 11.0.1.2 of ALS, LBNL. R-SoXS data show the bulk morphological information of 

P3HT:PC61BM BHJ Active Layer.  
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Figure 3.14. R-SoXS data of DBT post solvent annealed P3HT:PC61BM films with 
various annealing conditions (thickness = 100 nm).  
 

Regardless of the DBT annealing times, the lower intensity of the R-SoXS data compared 

with those from conventional thermal annealing only, may be due mainly to the 

interdigitation of DBT into the P3HT as shown in GIWAXS data in Figure 3.17 and the 

hindered PC61BM crystal growth and thus result in less pure phases of them, as shown in 

Figure 3.14. In case of bulk domain sizes, there are no distinct differences with increasing 

DBT annealing times.  

The large amount of PC61BM crystal growth is generally regarded as not a good sign for 

charge carrier generation as shown in Figures 1.10 (GISAXS)[188] and Figure 1.11 

(SANS)[191] in the chapter 1. A report suggests that a very fine depletion region of 

P3HT:PC61BM exists around a large size of PC61BM cluster (in micron-meter scale) and it 

could lead to better performance for both charge carrier generation and transport.[201] 

However, this topic is still in debate. In this research, the micron-sized growth of PC61BM 
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cluster after the extended conventional thermal annealing (higher than 150oC, longer than 20 

minutes) generally worsened the performance of the P3HT: PC61BM BHJ polymer solar cells.  

AFM analyses of DBT solvent annealed P3HT:PC61BM BHJ active layers in various DBT 

annealing times are conducted, as shown in Figures 3.15. Through analyses of the 2D-FFT 

profiles of the phase mode images in Figure 3.15, the average lateral domain sizes of the 

P3HT:PC61BM BHJ active layers for various DBT solvent annealing times are also analyzed 

and the smallest domain size based on the qm values are derived from 1-or 10-minute DBT 

solvent annealing as shown Figure 3.15 and Figure 3.16.  

 

 
Figure 3.15. AFM images and 2D-FFT phase mode profiles of DBT vapor annealed 
P3HT:PC61BM BHJ films at various annealing times (DBT vapor annealing at 80oC 
and thermal annealing at 150oC 20 minutes; qm means q (max)).   
 

Regardless of the DBT annealing times, domain sizes of DBT solvent annealed 

P3HT:PC61BM BHJ active layers are smaller than those from an as-cast or the conventional 
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post thermal annealing only. The lateral domain size changes with DBT solvent annealing 

times are summarized in Figure 3.16 and the smallest domain size comes in 1- or 10-minutes 

DBT annealing within a measuring error range. 

 
Figure 3.16. Lateral domain size analysis based on qm values from 2D-FFT profiles of 
phase mode images presented in Figure 3.15 (Thermal annealing at 150oC 20 minutes 
was also applied for all samples, except an as-cast (AC) sample). 
 

3.3.4. Crystalline Phase Growth and Orientation of P3HT:PC61BM BHJ 

Active Layers in DBT Based Solvent Annealing 

Wide angle x-ray scattering for the crystallinity analysis of the DBT solvent annealed BHJ 

active layers are performed using a GIWAXS technique at beam line 7.3.3, ALS, LBNL and 

the results are summarized in Figure 3.17 and Table 3.3. The crystalline sizes of the P3HT 

crystalline phase are calculated using a Debye-Scherrer equation based on FWHM values. 

DBT appears to be suitable as an annealing solvent for improvements in photon absorption, 

charges separation and transport in BHJ polymer solar cells. In a 3-minute DBT solvent 

annealed sample, shown in Figure 3-17 (b), double peaks are present at both the (300) and 
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(010) crystalline peak positions. Although this phenomenon is not fully understand, it 

appears that some interdigitation of DBT into the P3HT crystalline phase during the solvent 

annealing process occurred. The (100) peaks become sharp in the DBT annealed samples, 

which strongly supports the crystalline size growth apparent in the prolonged DBT annealing 

time as compared with that of an as-cast, as shown in Table 3.3. 

 

Figure 3.17. GIWAXS data of DBT post solvent annealed P3HT:PC61BM active layers 
in various post solvent annealing conditions. (Thermal annealing at 150oC 20 minutes 
was also applied to all samples and all GIWAXS images were rescaled to display). 
 
The small crystalline phases come from the short times (1- or 3-minutes) of the DBT solvent 

annealing indicate a similar trend to the smallest lateral domain size from 2D-FFT  analysis 

of AFM as shown in Figure 3.15 and 3.16. Additionally, from the GIWAXS analysis shown 

in Figure 3.17 and Table 3.3, the absolute volume of the P3HT crystalline phase in the 

P3HT:PC61BM BHJ active layer, which is calculated based on the integrated area of the 
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(100) peak, is also the largest volume of the P3HT crystalline phase for 1-minute of DBT 

solvent annealing out of all the samples prepared with different DBT annealing times and 

conditions. So, based on the degree of crystallinity and the size of crystalline phases, the 

optimal DBT solvent annealing time is as short as 1-minute in order to provide both 

improved crystalline phase growth and a smaller BHJ domain size.  

Table.3.3. Calculated P3HT crystalline phase sizes of DBT solvent annealed P3HT: 
PC61BM BHJ active layers. 

 Imax Peak Area  2(rad)  1(rad) B ƟB t(nm) 
As-cast (100) 413.64 39.54 0.031 0.04 0.009 0.035 12.53 

Thermal 
(100) 

 
806.25 

 
45.34 

 
0.034 

 
0.039 

 
0.005 

 
0.036 

 
22.32 

(010) 51.45 9.35 0.156 0.173 0.017 0.165 6.57 
DBT 1min 

(100) 
 
1482.08 

 
93.09 

 
0.03 

 
0.04 

 
0.005 

 
0.036 

 
20.78 

(010) 64.39 10.21 0.157 0.171 0.014 0.164 7.99 
DBT 3min 

(100) 
 

1395.95 
 

56.0 
 

0.033 
 

0.039 
 

0.006 
 

0.036 
 

19.40 
(010) 27,98 1.85 0.149 0.173 0.024 0.161 4.82 
§(010) 28.21 2.34 0.153 0.189 0.035 0.171 3.19 

DBT 5min 
(100) 

 
1108.08 

 
60.54 

 
0.033 

 
0.038 

 
0.005 

 
0.036 

 
21.79 

(010) 24.43 3.40 0.155 0.181 0.026 0.168 4.44 
DBT 10min 

(100) 
 

945.03 
 

54.14 
 

0.033 
 

0.038 
 

0.005 
 

0.036 
 

22.40 
(010) 31.60 6.23 0.154 0.174 0.020 0.164 5.68 

*All the DBT solvent annealed samples were prepared with the final thermal annealing at 150’C 20 min. 
§Double peaks may come from DBT interdigitation into P3HT crystalline phase. 
 
Imax values and integrated peak area of the (100) crystallinity peak decrease with the longer 

DBT annealing time. That is, excess DBT can result in a decrease of the absolute amount of 

crystallinity, because excess DBT could work as an impurity also, so the order in the 

crystalline phase of P3HT could decrease. Regardless of DBT annealing time, the absolute 

amount of crystalline phase based on Imax values and integrated peak area of (100) peak are 

still much higher than that obtained from conventional thermal annealing only. These 

increased values that stem from DBT post solvent annealing are shown in all of the 

characteristic peaks, including (100), (200) and (300) peaks as well as a (010) peak. 

Unlike a BHJ active layer for thermal annealing process only, the sizes of the crystalline 

phase of the DBT annealed BHJ active layers decreases even when combined with the 
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thermal annealing process. This phenomenon is distinctly visible in both the ‘edge on’ 

crystalline phase and ‘face on’ phases. Interestingly, the crystalline phase becomes smaller 

than that of the post thermal annealed crystalline phase, even though the total degree of 

crystallinity is significantly more enhanced (based on Imax values and integrated peak area) 

within a short time than that of the conventional thermal annealing only, regardless of DBT 

solvent annealing times. 

 

3.3.5. DBT Based Solvent Annealing as Pre-Step of In Situ UV Photo-

Polymerization Induced Morphological Control for P3HT:PC61BM BHJ 

Active Layers  

DBT solvent annealing is a pre-step for the new post casting process (i.e., the in situ UV 

photo-polymerization of DBT), which is discussed in Chapters 4 and 5. This new post casting 

process is designed to further improve performance of the P3HT:PC61BM BHJ polymer solar 

cells. This nicely pre-optimized BHJ active film in the optimized DBT annealing (deposition) 

condition becomes a concrete foundation for further enhancement in the next step toward a 

new process based on the in situ UV photo-polymerization of DBT in a BHJ film.  

The boiling point of DBT is as high as 211oC and it remains inside BHJ after a short time of 

DBT annealing. Therefore, it is recalled as a DBT deposition not as a DBT annealing in the 

following chapters about the in situ UV photo-polymerization of DBT.   
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3.4. Conclusions 

The fundamental functions and principles of thermal and solvent annealing of P3HT:PC61BM 

BHJ polymer solar cells are studied using AFM and x-ray techniques, such as GIWAXS and 

R-SoXS. Phase separation and crystallization are competing factors and the phase separation 

is determined primarily by an initial spin casting process, and the crystallinity is improved 

mostly in the annealing processes. In the thermal annealing process, the crystalline phase 

exhibits intense ‘edge on’ and ‘face on’ crystalline orientations as compared to that of an as-

cast, and their crystalline size also increases slightly. Additionally, the thermal annealed BHJ 

active layer, when placed on a hot-plate, produces a slightly larger crystalline phase on the 

side of the film that contacts the hot-plate surface.  

Solvent annealing enhances not only the degree of crystallinity but also produces 

morphological changes. The solvent annealing of a BHJ active layer using DBT results in a 

better degree of crystallinity, smaller crystalline phases and a smaller domain than those of 

conventional post thermal annealed P3HT:PC61BM BHJ active layers. Additionally, DBT 

that is interdigitated into the P3HT crystalline results in a more mixed (less pure) domain and 

finer crystalline phase with the increased degree of crystallinity in the P3HT:PC61BM BHJ 

active layer than that of the thermally annealed conventional one (from GIWAXS data). It 

may minimize PC61BM crystalline phase growth in the BHJ layer also (from the intensity 

decrease of R-SoXS data), and can result in a better PCE of the final P3HT:PC61BM BHJ 

polymer solar cells than would be the case using a conventional process. 
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4. IN SITU UV PHOTO-POLYMERIZATION OF DBT FOR 

ENHANCED PERFORMANCE OF P3HT:PC61BM BHJ POLYMER 

SOLAR CELLS  

 

4.1. Background 

Although thermal annealing has been a popular post casting process to improve the 

performance of P3HT:PC61BM BHJ polymer solar cells by enhancing the crystalline phases 

of P3HT and PC61BM, the domain size of the P3HT:PC61BM BHJ active layer increases 

during the post thermal process, as discussed in Chapter 3, due to the increased P3HT chain 

mobility and PC61BM diffusivity. The increased cluster size of PC61BM during the prolonged 

post thermal annealing reduces the interfacial area between P3HT and PC61BM and it can 

cause the electrical shorts also. In addition it hinders the orientation of P3HT crystalline 

phase inside a P3HT:PC61BM BHJ active layer.  

In case of solvent annealing, it is regarded as a good post casting process to control the 

domain size and to optimize the performance of P3HT:PC61BM BHJ polymer solar cells; 

however, solvent options are limited, and no general working principle has been established 

for solvent annealing compared to thermal annealing.  

In this Chapter 4, a new post casting process, in situ UV photo-polymerization of DBT, is 

demonstrated to attain better control over the morphology of P3HT:PC61BM BHJ polymer 

solar cells. This new post casting process is based on photo-polymerization-induced phase 

separation (PIPS) concept and the UV photo-polymerized oligothiophene derives the phase 

separation between P3HT and PC61BM phases inside the P3HT:PC61BM BHJ active layer. 

The fundamental objective of this new post casting process is to control the morphology and 

the crystalline phase orientation of a P3HT: PCBM BHJ active layer using in situ UV photo-

polymerization of the reactive DBT monomer. The resultant miscibility change of the 

polymerized oligothiophenes during the reaction leads to an additional and finer phase 

separation between P3HT and PC61BM.  

In the following subsections, the solubility drop of the in situ photo-polymerized 

oligothiophene, the crystalline phase size and orientation of P3HT as well as the miscibility 
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of the P3HT and PC61BM phases are discussed based on experimental results of the Hansen-

solubility parameters, AFM, R-SoXS and GIWAXS. 

 

4.2. Miscibility Effect of In Situ UV Photo-Polymerized Oligothiophene 

inside P3HT: PC61BM BHJ Active Layers  

4.2.1. Solubility Prediction of P3HT and PC61BM in Various Solvents  

P3HT and PC61BM are chemically well designed molecules that constitute a homogeneous 

solution in several common solvents due to their similar solubility in those co-solvents. By 

chemically attaching a polar side chain to C60, the miscibility between P3HT and PC61BM 

increases, and the overlapping volume of spheres that explain the miscibility of those two 

components in a simulated Hansen solubility spheres model[168] increases also, as shown in 

Figure 4.1.  

 

Figure 4.1. Hansen-solubility parameters (δD, δP, δH), sphere models of: (a) P3HT: 
PC61BM and (b) P3HT: C60 mixtures in several good solvents. (The radius of each 
solvent is assumed to be the same and different colors indicate different solvents only 
and no special meaning.) 
 

From this improved miscibility, a much finer morphology is produced for the P3HT: 

PC61BM BHJ film than for the P3HT:C60 BHJ film. 
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Some ‘bad’ solvents, such as DBT, DCM, thiophene and chloroform for the C60 could 

become good solvents for PC61BM due to this chemical modification of C60, which is one 

reason that PC61BM is widely used and considered to be the best counterpart for P3HT in the 

P3HT: PC61BM BHJ polymer solar cells. The calculated Hansen solubility parameters (δD, δP, 

δH) of a C60 are 19.78, 2.67, 2,37, which indicate much lower δP and δH values and a slightly 

higher δD value compared with the values of 19.39, 5.91, 4.96 of PC61BM. The inherent 

Hansen solubility ‘distance’ values (Ro) of PC61BM and C60, which are calculated by using 

the official Hansen solubility parameter calculation software HSPiP, also differ significantly, 

as 6.2 and 3.4, respectively. 

The Hildebrand solubility parameters are calculated by using Equation (4-2) for P3HT and 

P61CBM as 20.52 and 20.04 (MPa1/2), respectively, and as expected, they have similar 

affinities. However, the calculated Hildebrand solubility parameter of C60 is 20.09 (MPa1/2), 

and this old solubility parameter do not effectively show the difference between C60 and 

PC61BM. 

2 2 2( ) ( )D P H
T D P H

E E E

V V V
                                       (4-1) 

This outcome is a common problem when this old solubility parameter concept is used for 

any two materials having similar structures. The Hildebrand solubility parameter generally 

works well in a non-polar system only because it does not consider hydrogen bonding and 

polar interaction. However, the Hansen solubility parameters are calculated and expressed as 

three interaction parameters ( D , P , H ) each for P3HT and PC61BM as 19.1, 3.9, 6.4 and 

19.39, 5.91, 4.96, respectively. Based on these calculated values, both of these parameters 

have similar dispersion interactions, and PC61BM has higher polar interaction from the 

attached side chain and higher hydrogen bonding than P3HT. The inherent solubility 

‘distance’ (Ro) values of P3HT and PCBM, using the official Hansen solubility parameter 

calculation software HSPiP, are 6.43 and 6.2 MPa1/2, respectively.  

The solubility ‘distance’ (Ra) between two materials based on their respective partial Hansen 

solubility parameters is calculated using Equation (4-2), and the relative energy density 

(RED) values are calculated based on the Ra and Ro values using Equation (4-3).  

1 2 1 2 1 2

2 2 24( ) ( ) ( )a D D P P H HR                                          (4-2) 
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a

o

R
RED

R
                                                            (4-3) 

If the RED values are less than 1 (RED < 1), the solute dissolves well in a solvent (here, 

component 1 is a solute, and component 2 is a solvent). The Flory-Huggins interaction 

parameter ( 12 ) can be calculated using Equation (4-4) (assuming a high molecular weight 

solute, such as a polymer)[168]; if this value is less than 0.5 ( 12 0.5  ), then it dissolves 

well in a solvent.  

2

2
12 0.5 ( ) 0.5 a

o

R
RED

R


 
    

 
                                        (4-4) 

The critical point that expresses the solubility limit of a solute in a solvent has RED = 1 and 

0.5c  . In the Hansen solubility parameters sphere model, if the solubility values of a 

solvent are close to the borderline of the solubility parameter sphere of the solute, or are 

greater than the radius of that sphere, then each specific solvent cannot dissolve the particular 

solute. 

Based on the calculated Hansen solubility parameters, the interaction between some of the 

good solvents, such as CB, ODCB, TCB and DBT etc., and solutes, including P3HT and 

PC61BM, are shown in Figure 4.2 and summarized in Table 3.1. The big Hansen solubility 

parameter spheres of P3HT and PC61BM using each calculated inherent solubility ‘distance’ 

(Ro) values as radii contain several co-solvents that could dissolve them. Most of these co-

solvents are located at the overlapped portions of the Hansen solubility parameters sphere 

models of P3HT and PC61BM. As the distance between the solute centers and solvent centers 

increases, the solute’s solubility worsens in those solvents. For example, xylene, toluene and 

3HT, which are located near the perimeter of the sphere models, can dissolve both P3HT and 

PC61BM, but they are relatively bad solvents compared with CB and ODCB, which are 

located near the centers of both the P3HT and PCBM sphere models. 
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Figure 4.2. Hansen-solubility parameters (δD, δP, δH), sphere models of all good solvents 
listed in Table 3.1 for P3HT: PCBM BHJ mixtures from various viewpoints.  
 

4.2.2. Miscibility Model of In Situ UV Photo-polymerized Oligothiophenes 

using Hansen Solubility Parameters 

The in situ UV photo-polymerization of DBT in a P3HT: PC61BM BHJ active layer results in 

changes in the morphology. A DBT monomer is a relatively good solvent for both P3HT and 

PCBM, and its Flory-Huggins interaction parameters (χ12)[168], based on the compatibility 

with P3HT and PC61BM, are calculated as 0.19 and 0.14, respectively. DBT is not a bad 

solvent for P3HT and PC61BM, and has a higher boiling point (bp) and lower vapor pressure 

than those of chloroform and xylene, etc. Due to the high boiling point (bp) of 211oC, DBT is 

not a good selection as a spin casting solvent at a low spin casting speed to have 100 nm 

thickness of P3HT:PC61BM BHJ active layers on substrates. However, in situ UV photo-

polymerization of DBT as a post process worked successfully to control the morphology and 

crystallinity of P3HT: PC61BM BHJ film. As the molecular weight increases, the miscibility 
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of P3HT and PC61BM decreases, as expected from the Hansen solubility parameters 

calculation. This decrease leads to additional finer morphology in a P3HT:PC61BM BHJ 

active layer. 

The calculated RED of the Hansen solubility parameters and χ12 values of the 

oligothiophenes gradually increase with an increase in the number of repeating units, and the 

solubility of in situ UV photo-polymerized oligothiophenes decrease, as summarized in 

Figure 4.3 and Table 4.1.  

 
Figure 4.3. Calculated Flory-Huggins interaction parameters (χ12) and relative energy 
density (RED) of oligothiophenes with different repeat units in a P3HT: PC61BM BHJ 
mixture. 
 

The morphology during the DBT deposition (DBT solvent annealing) improves and becomes 

finer than the morphology of an as-cast BHJ active layer, as discussed in Chapter 3. Further 

in situ UV photo-polymerization of the deposited DBT results in enhanced and finer 

morphology in a P3HT:PC61BM BHJ active layer. Additionally, better crystalline phase 

orientation of P3HT in BHJ active layer can be achieved in the optimal process condition 

than those with the conventional thermal annealing.  
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Table 4.1. P3HT/ PC61BM miscibility with oligothiophenes (determined by Hansen solubility parameters @ 25°C). 
Solutes δD δP δH δT (MPa1/2)a Ro or Ra REDb χ12

c Miscibility Solubility in CB 

Poly(3hexylthiophene) P3HT 19.1 3.9 6.4 20.52 6.43 (Ro) - - - Soluble 

2,5-dibromothiophene (DBT) 20.1 7.1 7.7 22.67 3.99 0.62 0.19  Soluble (liquid) Soluble 

1T (Thienyl) 19.4 4.5 7.9 21.43 1.72 0.27 0.04 Soluble (liquid) Soluble 

2T  19.7 3.7 9.0 21.97 2.87 0.45 0.10 Miscible Soluble 

3T  19.8 3.4 9.4 22.18 3.35 0.52 0.14 Miscible Soluble 

4T  19.9 3.3 9.6 22.34 3.63 0.56 0.16 Miscible Soluble 

5T  19.9 3.2 9.8 22.41 3.82 0.59 0.18 Miscible Soluble 

6T  20.0 3.1 9.9 22.53 4.02 0.53 0.195 Miscible Insoluble 

7T 20.0 3.1 9.9 22.53 4.02 0.53 0.195 Miscible Insoluble 

8T 20.0 3.1 10.0 22.58 4.10 0.64 0.204 Miscible Insoluble 

 

Solutes δD δP δH δT (MPa1/2)a Ro or Ra REDb χ12
c Miscibility Solubility in CB 

PC61BM 19.39 5.91 4.96 20.04 6.2 (Ro) - - - Soluble 

2,5-dibromothiophene (DBT) 20.1 7.1 7.7 22.67 3.31 0.53 0.14 Soluble (liquid) Soluble 

1T (Thienyl) 19.4 4.5 7.9 21.42 3.26 0.526 0.14 Soluble (liquid) Soluble 

2T  19.7 3.7 9.0 21.97 4.65 0.75 0.28 Miscible  Soluble 

3T  19.8 3.4 9.4 22.18 5.17 0.83 0.35 Miscible Soluble 

4T  19.9 3.3 9.6 22.34 5.42 0.87 0.38 Miscible Soluble 

5T  19.9 3.2 9.8 22.41 5.64 0.91 0.41 Miscible  Soluble 

6T  20.0 3.1 9.9 22.53 5.81 0.94 0.44 Miscible  Insoluble 

7T 20.0 3.1 9.9 22.53 5.81 0.94 0.44 Miscible  Insoluble 

8T 20.0 3.1 10.0 22.57 5.90 0.95 0.45 Miscible  Insoluble 

a: Hildebrand solubility parameters (δ2
T=δ

2
D+δ2

P+δ
2
H), b: relative energy density (RED) of Hansen solubility parameter (RED= Ra/Ro), c: χ12= χc (RED) 2
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The simulated Hansen solubility parameter sphere models with an increasing number of 

repeating units of oligothiophene, are shown in Figure 4.4.  

 
Figure 4.4. Hansen-solubility parameters (δD, δP, δH), sphere models for the miscibility 
studies of oligothiophenes with P3HT and PC61BM: (a) P3HT in DBT, (j) PC61BM in 
DBT, (b) ~ (i) interaction between P3HT and oligothiophenes having different repeating 
units, (k) ~ (r) interaction between PC61BM and oligothiophenes having different 
repeating units (radii of oligothiophenes are Ra) .  
 

The in situ UV photo-polymerized oligothiophenes have molecular weight distributions, but 

this model, which is calculated based on a single molecular model, does not have molecular 

weight distribution due to the complexity and difficulty of the calculation.  

As the chains grow, the Hansen solubility parameters ‘distances’(Ro) become longer and the 

center positions of oligothiophenes are far from the centers of both P3HT and PC61BM, 

which indicates that the solubility of the polymerized oligothiophenes worsenes in the BHJ 

active mixture. This solubility drop is the fundamental driving force for further phase 

separation, resulting in a much smaller domain size than is found from the pre-steps , a spin 

casting and a DBT vapor deposition. The calculated RED and Flory-Huggins interaction 

parameters (χ12 ) are still less than the values of the critical points; therefore, severe macro-

phase separation is not expected. The solubility drop of the oligothiophenes during the 

dynamic in situ photopolymerization of DBT inside the PC61BM domain is more intensified 

than in the P3HT domain, and as expected, a large PC61BM cluster formation is effectively 
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prohibited during this process. R-SoXS results confirm this results, the weaker scattering 

intensity of a P3HT:PC61BM BHJ active layer in this new process is identifieded than that 

using thermal annealing only as shown in Figure 4.5 (a).  

 
Figure 4.5. R-SoXS data of (a) the optimized new post casting process steps for P3HT: 
PC61BM BHJ films: DBT vapor deposition at 80oC 1 min and UV exposure 3 min; 
thermal annealing at 150oC 20 min; thickness = 100 nm, and (b) catalytically 
synthesized Br-terminated α,ω-dibromo-oligothiophene (10wt%) introduced 
P3HT:PC61BM BHJ films.  
 

This in situ UV photo-polymerization of DBT is a dynamic process. The rapid solubility drop 

that occurs within a short time and within the critical point of solubility (χc) limit results in a 

smaller domain and more homogeneous phase in the P3HT: PCBM BHJ films than those 

determined in the conventional annealing process. However, a P3HT:PCBM BHJ mixture 

with synthesized Br-terminated α,ω-dibromo-oligothiophenes (10wt%) in a starting solution 

has a much larger domain and larger PC61BM clusters than post thermal annealed 

P3HT:PCBM BHJ films even using the new process as shown in Figure 4.5 (b) (Detailed 

chemical information regarding synthesized Br-terminated α,ω-dibromo-oligothiophenes is 

included in the Appendix I) and this huge domain results in poor solar cell performance. The 

scattering intensity of R-SoXS increases more than five times that of conventional samples 

processed in the conventional thermal annealing, which means that a purer crystalline phase 

than that of thermal annealed samples grows via the rapid macro-phase separation between 

P3HT and PC61BM due to the inherent low miscibility of the added Br-terminated α,ω-

dibromo-oligothiophenes in a P3HT and PC61BM BHJ mixture.  
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In this section, the UV photo-polymerization-induced solubility drop and phase separation of 

a P3HT:PCBM BHJ mixture are simulated using the Hansen solubility parameters sphere 

models. These simulations strongly support this study’s assumption and explanation of the 

working principle of the new in situ UV photo-polymerization induced phase separation 

(PIPS) process in a P3HT:PC61BM BHJ active layer as an new effective post casting process 

to enhance the performance of P3HT:PC61BM BHJ polymer solar cells. 

 

4.3. In Situ UV-Photo-Polymerization of DBT: Control of Nano-Scale 

Morphology and Crystalline Orientations of P3HT:PC61BM BHJ Polymer 

Solar Cells 

In this section, the in situ UV photo-polymerization of DBT in a P3HT:PC61BM BHJ active 

layer is demonstrated as a new idea for the post casting process for P3HT:PC61BM BHJ 

polymer solar cells, as shown in Figure 4.6.   

 

Figure 4.6. In situ UV photo-polymerization-induced phase separation for nano-scale 
morphology control of P3HT:PC61BM BHJ polymer solar cells: (a) DBT vapor 
deposition on an as-cast P3HT: PC61BM BHJ active layer, (b) in situ UV photo-
polymerization of DBT for nano-scale morphology control. 
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4.3.1. Morphological Evolution of P3HT:PC61BM BHJ Active Layers in In 

Situ UV Photo-polymerization of DBT 

The surface morphology of the in situ UV photo-polymerization of DBT in a P3HT: PC61BM 

BHJ active layer is examined using AFM images, as shown in Figure 4.7. The domain size of 

an as-cast P3HT:PC61BM BHJ active layer, calculated from the 2D-FFT phase mode images, 

increases slightly with conventional thermal annealing at 150oC for 20 minutes due to the 

growth of the crystallinity of P3HT and PC61BM inside the phase separated domains as 

studied in Chapter 3. 

 
Figure 4.7. AFM images and 2D-FFT phase mode profiles of the optimized new post 
casting process steps for P3HT: PC61BM BHJ films: DBT vapor deposition at 80oC 1 
min, UV exposure 3 min, and thermal annealing at 150oC 20 min; process steps (b) and 
(d) are introduced for comparison only; qm means q (max).  
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When DBT vapor deposition occurs on a P3HT:PC61BM BHJ active layer for 1 minute and 

broadens the domain size distribution with 3 minutes of UV exposure, the 2D FFT peak from 

the phase image of the AFM becomes sharper than it does for 1 minute DBT vapor only, 

even with final post thermal annealing, as shown in Figure 4.8 (b). The final domain size 

shown in Figure 4.7 (o) and Figure 4.8 (a), as determined through the new post casting 

process, is less than 10 nm.  

 
Figure 4.8. Domain size analysis based on qm values from 2D-FFT profiles of phase 
mode images in Figure 4.7.   
 

This domain size is close to the exciton diffusion length in the final thermal annealing, and 

the resultant improvement of the PCE is around 20% higher than that with conventional 

thermal annealing only. (Details regarding solar cell performance are discussed in Chapter 5.) 

The photon absorption spectrum is also enhanced by the new post casting process, as shown 

in Figure 4.9. However, enhancement of the photon absorption is not large enough to explain 

of 20% PCE improvement in the final P3HT:PC61BM BHJ polymer solar cells. Therefore, 

this improvement is due not to thickness or photon absorption, but mainly due to 

improvement of the charge separation and transport from the optimized morphology and 

crystalline phase orientation.  
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Figure 4.9. (a) UVvis spectrophotometer spectra of the optimized process steps and (b) 
zoomed-in P3HT absorption spectra.  
 

The R-SoXS intensity of the BHJ active layers from the new post process are compared with 

that from the conventional post thermal annealing only as shown in Figure 4.10.  

  
Figure 4.10. R-SoXS data of the optimized new post process steps for P3HT: PC61BM 
BHJ films: DBT vapor deposition at 80oC, 1 min, and UV exposure 3 min; post thermal 
annealing at 150oC 20 min; thickness = 100 nm. Process steps (l) and (n) are introduced 
for comparison only.  
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The spin coated P3HT:PC61BM BHJ films on the PSS pre-coated Si wafer are floated on the 

water surface and free-standing films are prepared. The R-SoXS experiments are carried out 

using 284.2eV X-ray energy, at beam line 11.0.1.2 of ALS, LBNL. R-SoXS data show the 

bulk morphological information of P3HT:PC61BM BHJ Active Layer.  

The lower  scattering intensity of the new post casting process is shown in comparison with 

that of the conventional thermal annealing only. The scattering intenisty originates in the 

contrast difference between P3HT and PC61BM inside a BHJ active layer and the lower 

scattering intenisty means that there is less pure domain inside a BHJ active layer due to the 

existance of the intermixed zone between P3HT and PC61BM.  

Less pure domain leads to better performance in terms of charge carrier generation in the 

P3HT:PC61BM BHJ polymer solar cells. The 3-minute UV exposure on a 1-minute DBT 

deposited P3HT:PC61BM BHJ active layer results in a much smaller nano-scale domain size 

than occurs with conventional  thermal annealing only, as already determined from the AFM 

results. This is due to the rapid solubility drop of the UV photo-polymerized oligothiophenes 

inside P3HT:PC61BM BHJ active layer and it results in additional finer nano-scale phase 

separation inside BHJ active layer than that of the conventional thermal annealing only. 

The domain size of a P3HT:PC61BM BHJ active layer with 3-minute UV exposure increases 

again with thermal annealing due to the enhanced crystallizztion of P3HT and PC61BM. The 

scattering intensity of R-SoXS also increases slightly with thermal annealing, but its intensity 

is still much less than that from conventional thermal annealing only, which it means that the 

new post casting process can enhance the performance of P3HT:PC61BM BHJ polymer solar 

cells. 

 

4.3.2. Crystalline Phase Growth and Orientation of P3HT:PC61BM BHJ 

Active Layers in In Situ UV Photo-polymerization of DBT 

Wide angle x-ray scattering study of the P3HT:PC61BM BHJ active layers processed in the 

new post casting process were performed using a GIWAXS technique at Brookhaven 

National Laboratory (BNL). Experiment was performed by Dr. Xinhui Lu and the critical 



 92

angle is 0.1o and the back group subtraction including Si and PEDOT:PSS is done by using a 

Nika package. It is the study of the bulk property P3HT:PC61BM BHJ active layers. 

 
Figure 4.11. GIWAXS data of in situ UV photo-polymerization of DBT in P3HT: 
PC61BM BHJ active layers: (a) conventional post thermal annealing (150oC 20 min); (b) 
DBT vapor (80oC 1 min); (c) UV exposure 3 min (Experiment was performed by Dr. 
Xinhui at NSLS). 
 

There are two phases of crystalline orientation of P3HT in a thin film on a hydrophilic 

surface, such as thin PEDOT:PSS film coated ITO. The major orientation is the ‘edge on’ 

orientation, and its π- π orbitial orientation direction is perpendicular to the electric field 

between a cathode and an anode. It is not effective to have enhanced charge transport in 

P3HT:PC61BM BHJ polymer solar cells. However, the ‘face on’ orientation has the π- π 

orbital orientation of the aromatic thiophene ring parallel to the electric field, and this slight 
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enhancement results in a large improvement in the charge carrier transport because the inter 

molecular charge percolation comes from the right direction. The P3HT:PC61BM BHJ 

polymer solar cells that are processed using the new post casting process, in situ UV photo-

polymerization of DBT, exhibit a larger volume fraction of the ‘face on’ orientation in the 

P3HT:PC61BM BHJ active layer than it does from conventional post thermal annealing only, 

as shown in Figure 4.11 and Table 4.2.  

Table.4.2. Calculated P3HT crystalline phase sizes and the total amount of crystalline 
phase in P3HT: PC61BM BHJ active layers. 

 PeakArea Area Ratio (010)/(100) Imax Size, t(nm) 
(a) Thermal      (100) 623.5 0.043 10409.3 13.11 
 (150oC 20min) (010) 27.0  178.42 5.65 
(b) DBT 1min   (100) 539.8 0.059 7504.15 11.9 
                        (010) 32.1  208.32 4.94 

(c) UV 3min      (100) 534.9 0.073 7415.23 11.73 
+ Thermal      (010) 39.3  259.64 4.85 

 

As shown in Figure 4.11, the in-plane and out-of-plane GIWAXS scanning analysis of the 

P3HT crystalline phase orientation in a P3HT:PC61BM BHJ active layer confirms the 

increased weight fraction of the ‘face on’ orientation. That is, the integrated area ratio of the 

(100) and (010) peaks shows that ‘face on’ orientation of the P3HT crystalline phases (from 

the out-of-plane scan) inside a P3HT:PC61BM BHJ active layer from the new post casting 

process contains approximately 70% more ‘edge on’ orientation than the ratio of ‘edge on’ 

and ‘face on’ orientations obtained from conventional post thermal annealing only. This 

finding could be one of explanations to the better performance in terms of the PCE of the 

P3HT:PC61BM BHJ polymer solar cells fabricated using a new post casting process (detail 

solar cell performance will be reviewed in Chapter 5). Although a 14% decrease of volume 

fraction is evident in the ‘edge on’ P3HT orientation from the new post casting process 

compared with that of the conventional thermal annealing, this decrease may not critically 

affect the final solar cell performance, because the ‘edge on’ P3HT orientation is not the 

preferred P3HT crystalline phase orientation for P3HT:PC61BM BHJ polymer solar cells. 

Using a Debye-Scherrer equation the P3HT crystalline sizes can also be calculated for the 

new post casting process based on the GIWAXS results, which are compared with results 

from the conventional thermal annealing in Table 4.2. In the case of the new post casting 
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process, in situ UV photo-polymerization of DBT, the crystalline phase in the P3HT:PC61BM 

BHJ active layer is smaller than that of the conventional P3HT:PC61BM BHJ active layer 

with thermal annealing only. The crystalline phase sizes in the ‘edge on’ orientation of P3HT 

in a BHJ active layer from the new post casting process and the conventional thermal 

annealing are around 11.73 and 13.11 nm, respectively. This finding supports the goal of this 

research that this new post casting process provides critical changes in the morphology and 

crystalline phase to improve the performance of P3HT: PC61BM BHJ polymer solar cells. 

 

4.3.3. Process Optimization of In situ UV Photo-polymerization of DBT for 

the Best P3HT:PC61BM BHJ Polymer Solar Cells 

It is critical to find the optimal process conditions for the new post casting process, in situ 

UV photo-polymerization of DBT, in order to obtain optimal performance from the 

P3HT:PC61BM BHJ polymer solar cells. UV exposure time (Figure 4.12) and DBT 

deposition time (Figure 4.15) are the most critical factors in achieving the highest level of 

efficiency in P3HT:PC61BM BHJ polymer solar cells.  

The lateral domain size changes in various UV exposure times are shown in Figure 4.12 and 

4.13. The lateral domain size of a DBT-deposited P3HT:PC61BM BHJ active layer for 1-

minute is around 9 nm, based on the Peakmax positions of 2D-FFT profiles of AFM phase 

mode images. The lateral domain size then increases slightly to 10.5 nm under 1-minute UV 

exposure followed by post thermal annealing. Under 3-minutes of UV exposure, the lateral 

domain size of the P3HT:PC61BM BHJ active layer again becomes smaller than any of the 

other devices as around 9 nm even followed by post thermal annealing. This processing 

condition, which includes 1-minute of DBT deposition and  3-minutes of UV exposure 

followed by a 150oC 20-minutes of post thermal annealing, reflects 20% more improved PCE 

of a P3HT:PC61BM BHJ polymer solar cell than is from the conventional post thermal 

annealing only (Detail solar cell performance will be discussed in Chapter 5). However, 

longer UV exposure, such as 5-or 10-minutes followed by post thermal annealing, shows a 

further increase in domain size due to the larger miscibility drop of in situ UV photo-
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polymerized oligothiophenes from the longer time of the in situ UV photo-polymerization of 

DBT with a decrease in solar cell performance. 

 
Figure 4.12. AFM images and 2D-FFT profiles of P3HT: PC61BM BHJ films for 
different UV exposure times: DBT vapor deposition at 80oC 1 min and post thermal 
annealing at 150oC 20 min; process step (b) is introduced for comparison only; qm 
means q (max). 
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Figure 4.13. Domain size analysis based on qm values from 2D-FFT profiles of phase 
mode images in Figure 4.13. 
 

It appears that the rapid increase in lateral domain size in the early stage of 1-minute UV 

exposure is due mainly to the sudden increase in miscibility of DBT with P3HT caused by 

the transformation to thienyl radicals (1T), as shown in Figure 4.14.  

 
Figure 4.14. Miscibility changes of oligothiophenes during in situ UV photo-
polymerization of DBT in a P3HT: PC61BM BHJ active layer: (a) RED changes; (b) χ12 
changes (Numbers in the x-axis stand for number of repeating units and T means 
thienyl ). 
 

Thienyl radicals form under controlled strong UV light by breaking the weak carbon-bromine 

bond during the in situ UV photo-polymerization of DBT. Polymer chain growth is carried 

out in a step-wise fashion with the bromine radical by-products inside a controlled O2 free 
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environment. The critical points of RED and the Flory-Huggins interaction parameter (χ12) 

are 1 and 0.5, respectively, and both values (RED and χ12) gradually reach these critical 

points with an increasing number of repeating units during the in situ UV polymerization of 

DBT. The miscibility drop of in situ UV photo-polymerized oligothiophenes during the 

reaction with PC61BM is much stronger than for P3HT. The miscibility of DBT and thienyl 

radicals (1T) with PC61BM is similar and decreases gradually with an increase in the number 

of repeating units in an in situ UV photo-polymerized oligothiophene chain. Above the 

repeating unit number 6, the values of RED and χ12 for PC61BM become saturated and almost 

reach the critical points as 0.95 and 0.45, respectively. In the case of P3HT, due to the similar 

chemical structure between thienyl and P3HT, the miscibility drop is not as severe as for 

PC61BM, but it does show a similar trend in that begins to become saturated at repeating 

number 6, and RED and χ12 values for P3HT are 0.53 and 0.2, respectively.  

 

In general, an annealing solvent that has not only good interaction with PC61BM, but also 

relatively poor solubility with P3HT, results in good morphology as shown in Chapter 3. 

However, in situ UV photo-polymerization of DBT is a dynamic process such that the rapid 

solubility change of the photo-polymerized oligothiophenes drives the change its miscibility 

with both P3HT and PC61BM in the BHJ active layer at the optimized process condition. 

Therefore, if the initial reactive monomer such as DBT is good enough to dissolve BHJ 

constituents, P3HT and PC61BM well, a special requirement as likely as that mentioned in 

solvent annealing does not required in this new post casting process. The miscibility of BHJ 

constituents can be finely tuned in this new post casting process and it easily results in finer 

lateral morphology than those from the conventional annealing processes. 
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Figure 4.15. AFM images and 2D FFT profiles of phase mode images from P3HT: 
PC61BM BHJ films for different DBT deposition times: DBT vapor deposition at 80oC, 
UV exposure 3 min, and post thermal annealing at 150oC 20 min; process step (a) is 
included for comparison only; qm means q (max).  
 

As shown in Figure 4.15, a second critical factor for optimization is the DBT deposition time. 

This process itself does not differ from that of conventional solvent annealing. Normally, for 

the best performance, the solvent annealing time should be long enough to produce the best 

morphology with the best annealing solvent; however, DBT deposition as a pre-step for in 

situ UV photo-polymerization does not require a long time for the process.  

As seen in Figures 4.15 and 4.16, a longer time for DBT deposition, such as 3-, 5-, and 10- 

minutes, results in larger lateral domain size than that in 1-minute, even when including UV 

exposure. The optimal DBT deposition time is 1-minute followed by 3-minutes of UV 

exposure.  
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Figure 4.16. 2D FFT profiles of phase mode images from P3HT: PC61BM BHJ films for 
different DBT deposition times with/without thermal annealing: DBT vapor deposition 
at 80oC, UV exposure 3 min, and post thermal annealing at 150oC 20 min.  
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Figure 4.17 Lateral domain size analysis using AFM: 2D-FFT profiles of phase mode 
images of P3HT:PC61BM BHJ active layers fabricated in various processing conditions 
of the new post casting process, in situ UV photo-polymerization of DBT (all the 
samples are analysized with thermal annealing, 150oC 20-minutes). 
 

Figure 4.17 shows a summary for the process optimization of in situ UV photo-

polymerization of DBT in various processing conditions based on the lateral domain sizes 

analyzed by AFM. In general, with an increase in DBT pre-deposition time, the domain size 

decreases, which is explained by the solubility effect during the solvent annealing process 

using DBT and the 3-minutes UV exposure is optimum, regardless of the DBT pre-

deposition times. Longer UV exposure time results in the increase of their domain size again.   
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4.3.4. Model for Morphological Evolution of P3HT:PC61BM BHJ Polymer 

Solar Cells in In Situ UV Photo-Polymerization of DBT 

In this Chapter 4, fundamental phenomena in a P3HT: PC61BM BHJ active layer during the 

new post casting process, in situ UV photo-polymerization of DBT, are examined. The 

thermal annealing process is currently the most effective post casting process that can 

produce the best P3HT: PC61BM BHJ polymer solar cells, but improvements can be made. 

Factors mentioned in this paper, such as the wrong P3HT orientation, the wrong vertical 

segregation of materials, and large PC61BM crystalline phase growth, should be improved or 

modified for optimal P3HT: PC61BM BHJ polymer solar cells. As a new answer to above 

listed problems, a new post casting process, in situ UV photo-polymerization of DBT, is 

demonstrated in this paper.  

 

In general, there are two popular models that explain the morphological evolution in 

P3HT:PC61BM BHJ polymer solar cells. As mentioned in Chapter 3, in this paper, the first 

model that is based on the incompatibility of two component materials in a blend is adopted 

as a fundamental morphological evolution. And secondary, in the new process, in situ UV 

photo-polymerization of DBT, the solubility drop of the UV photo-polymerized 

oligothiophenes inside a BHJ active layer during the UV photo-polymerization of DBT, 

derives the further phase separation in P3HT: PC61BM BHJ active layer to have finer domain 

size, enhanced P3HT crystalline orientation, minimized the growth of PC61BM cluster. 

 

Based on all the experimental results, the morphological evolution developed using the new 

post casting process, in situ UV photo-polymerization of DBT, is suggested as schematic 

diagrams in Figure 4.18. (a) ~ (c) represent the conventional thermal annealing steps. The 

morphology of the BHJ active layer is pre-conditioned during the spin casting step (b), and 

the post thermal annealing step (c) at the high temperature enhances the degree of 

crystallinity of P3HT and PC61BM inside phase separated domains. After spin casting (b), the 

new process follows the steps illustrated in Figure 4.18 (d) ~ (f). 
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The reactive monomer, DBT is vapor deposited on the P3HT:PC61BM BHJ active layer as a 

pre-step to UV exposure under the saturated vapor condition (at 80oC for1 minute) as shown 

in step (d). During this step the morphology changes, depending on the deposition time and 

temperature, because the DBT is a low vapor pressure liquid that has a high boiling point, 

and fundamentally, this step is a solvent annealing step that uses the reactive monomer DBT. 

The next step (e) is UV exposure for a short time to initiate the condensation photo-

polymerization of DBT by breaking the carbon-bromine bond.[237] The thienyl radicals that 

have reacted with other thienyl radicals result in the relatively small molecular weight of 

oligothiophene with bromine (Br2) gas as a by-product. The lowered solubility of the in situ 

UV photo-polymerized oligothiophene in a P3HT:PC61BM BHJ active layer leads to more 

phase separation of the BHJ active layer during the reaction than is the case with an as-cast 

BHJ active layer. Additionally, this lowered solubility of the photo-polymerized 

oligothiophene inside a BHJ active layer hinders the growth of the PC61BM crystalline 

cluster.  

 
Figure 4.18. Schematic diagrams of phase separation and crystallization of 
P3HT:PC61BM BHJ polymer solar cells: (a) homogeneous solution, (b) as-cast phase 
separated film, (c) growth of crystalline phase after thermal annealing, (d) DBT vapor 
deposition, (e) in situ UV photo-polymerization of DBT, (f) post thermal annealing. (a) ~ 
(c) represent the conventional process with post thermal annealing: (a), (b), (d), (e), and 
(f) are new processes showing the in situ UV photo-polymerization of DBT in 
P3HT:PC61BM BHJ polymer solar cells. 
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4.4 Conclusions. 

In Chapter 4, a new post process based on the in situ UV photo-polymerization of DBT is 

presented and discussed. Under optimal process conditions, i.e., 1-minute of DBT deposition 

and 3-minutes of UV exposure, the smallest domain size can be achieved, and the volume 

fraction of ‘face on’ orientation of P3HT inside BHJ active layer is largely improved than 

that from conventional thermal annealing. The R-SoXS results for a P3HT:PC61BM BHJ 

active layer processed under optimal conditions of the new post casting process indicate that 

finer depletion zone between P3HT and PC61BM within the phase separated domains without 

loss of photon absorption and crystallinity. The solubility drop of UV photo-polymerized 

polythiophene is simulated using Hansen solubility parameters, and the RED and Flory-

Huggins interaction parameters also are calculated. The miscibility drop of the in situ photo-

polymerized oligothiophenes with PC61BM during the new post process is much larger than 

with P3HT. Regardless of whether P3HT or PC61BM is used, the miscibility of UV photo-

polymerized oligothiophenes decreases with an increase in the number of repeating units for 

both. This new in situ UV photo-polymerization of DBT is a dynamic post process, and the 

initial DBT exhibits good miscibility with BHJ constituents; however, this miscibility 

decreases under UV exposure and leads to the nano-scale phase separation inside a 

P3HT:PC61BM BHJ active layer. 
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5. CHARACTERIZATION OF P3HT:PC61BM BHJ POLYMER SOLAR 

CELLS FABRICATED USING IN SITU UV PHOTO-

POLYMERIZATION OF DBT 

5.1. Background 

The working principles of the optimzed P3HT:PC61BM BHJ polymer solar cells are 

summarized as a schematic diagram in Figure 5.1. The optimal active layer thickness is 

around 100~200 nm, and PEDOT:PSS and aluminum are commonly used as the standard 

materials for a HTL and a cathode respectively. The aluminum thickness is around 100 nm, 

and the PEDOT:PSS thickness on an ITO anode substrate is around 40 nm.  

 
Figure 5.1. P3HT: PC61BM BHJ polymer solar cells device architecture under the open 
circuit condition. 
 

The absorbed photon in the P3HT portion of a P3HT:PCBM BHJ active layer generates an 

exciton, and the exciton diffuses to the P3HT and PCBM interface. A small domain size that 

is similar to the exciton diffusion length leads to higher efficiency in the exciton separation 

into the discrete charge pair. The built-in potential of the active layer provides the driving 

force of the charge carrier separation. The separated electron and hole pair is transported 

toward the electrodes that are located on the opposite surface of the active layer. The charge 

carrier transport is related to the degree of crystallinity in the P3HT and PCBM domains. 
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Higher crystallinity and proper orientation of the crystalline phase lead to improved charge 

carrier mobility. As reviewed in the previous chapters, the new post casting process, in situ 

UV photo-polymerization of DBT in a P3HT:PC61BM BHJ active film, results in small 

domains of about 8~9 nm, which are close to the exciton diffusion lengh. Furthermore, it 

derives the crystalline phase orientattion toward a much preferred ‘face on’ that improves 

charge carrier transport better than conventional thermal annealing can achieve. 

In this chapter, the improved performance of P3HT:PC61BM BHJ polymer solar cells 

through the optimization of active layer morphology in the new post casting process is 

compared with performance from conventional annealing processes. For accurate verification 

of the morphology effects in in situ UV photopolymerization of DBT, other critical factors 

such as an aluminum cathode, PEDOT:PSS electron blocking layer and ITO anode, are 

incorporated into well-known standard device architecture, as shown in Figure 5.1.  

 

5.2. Solar Cell Performance of P3HT:PC61BM BHJ Polymer Solar Cells 

with In Situ UV Photo-Polymerization of DBT 

DBT deposition time and UV exposure time lead to changes in the degree of crystallinity, the 

crystalline phase orientation and morphology changes, as discussed in the previous chapters. 

These kinds of property changes result in varied P3HT:PC61BM BHJ polymer solar cell 

performance. The more intensified ‘face on’ crystalline phase orientation and decrease in the 

PC61BM crystalline phase peak in GIWAXS, as shown in Figure 4.11, result in a better 

charge transport property than would be the case using conventional post thermal annealing 

only due to the increase volume of the ‘face on’ crystalline phase orientation. The smaller 

P3HT crystalline phase inside the BHJ active layer, as shown in Table 4.2, results in better 

charge separation at the P3HT and PC61BM interface than from conventional thermal 

annealing only, due to the increase in the interfacial area. The domain size from the in situ 

UV photo polymerization of DBT is smaller than that obtained from conventional post 

thermal annealing, which improves both charge carrier separation and transport properties. 

R-SoXS data clearly show that more homogeneous and finer P3HTand PC61BM inter-mixed 

zone exists inside the BHJ active layer from the new post casting process, which also 
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strongly supports this study’s assumptions and expectations regarding improvements in 

P3HT:PC61BM BHJ polymer solar cell performance. Additionally, even though it does not 

show a huge improvement, some improvement to photon absorption is evident with this new 

process, as shown in the UVvis absorption spectra in Figure 5.2.  

 
Figure 5.2. Comparison of UVvis absorption spectra of P3HT:PC61BM BHJ thin films 
between the conventional post thermal annealing process and new post process (DBT 1 
min 80oC, UV 3 minutes), and (b) zoomed-in P3HT main absorption peak area.  
 

In this section, devices performance of the P3HT:PC61BM BHJ polymer solar cells in the 

new post casting process, in situ UV photo-polymerization of DBT, is compared with that 

achieved through conventional thermal processes.  

Solar cells are the devices that generate electric power from incident sunlight. Thus, analysis 

of charge carrier mobility inside such devices can provide deeper understanding of solar cell 

performance. In this research, charge carrier mobility studies using hole-only and electron-

only P3HT:PC61BM BHJ polymer solar cells were performed to measure the charge carrier 

mobility of P3HT:PC61BM BHJ polymer solar cells based on the space charge limited 

current (SCLC) theory.[122, 132, 227-229] A thin layer of MoO3 was thermally evaporated 

prior to Al thermal evaporation of the electron blocking layer, and a hole only worked as a 

charge carrier inside the P3HT:PC61BM BHJ polymer solar cells.[238] From this device, the 

hole mobility was calculated. Cs2CO3 was thermally evaporated as a hole blocking layer on 

top of ITO instead of PEDOT:PSS in the conventional P3HT:PC61BM BHJ polymer solar 

cells to measure the electron charge carrier mobility inside the devices.[238] The architecture 

of these special P3HT:PC61BM BHJ polymer solar cells is shown in Figure 5.3 (d) and (e).  
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Figure 5.3. Charge carrier mobility of P3HT:PC61BM polymer solar cells: (a) and (b) 
are hole mobility from hole-only devices; (c) is electron mobility from electron-only 
devices, and (d) and (e) are the device architecture of hole-only and electron-only 
P3HT:PC61BM BHJ polymer solar cells, respectively. 
 

The developed dark current-voltage curves from these special devices are shown, and J-V 

curves are plotted in log-log scale. Using the SCLC equation shown in Equation 5-1, hole-

only and electron-only mobility were calculated. Here, εo is the permittivity of free space, 

and εr is the dielectric constant of materials. In the case of P3HT, εr is assumed as 3.0, and for 

PC61BM, εr is 3.9, based on the references.[122, 132, 227-229] V is the applied voltage; L is 

the thickness of an active layer; and µ is the charge carrier mobility. 

      
2

3

8

9 o r

V
J

L
                                                         (5-1) 

The analyzed charge carrier mobility is shown in Figure 5.3 as log-log scale plots, and the 

calculated mobility data are summarized in Table. 5.1. Detailed experimental procedures and 
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related information can be found in Chapter 2. The charge carrier mobility of an as-cast 

P3HT:PC61BM BHJ active layer is as low as 7.804x10
-6 

cm2s-1V-1for the electron mobility 

and 5.807 x10
-5 

cm2s-1V-1 for the hole mobility. Regardless of the type of post process, charge 

carrier mobility improved. In the conventional thermal annealing process, electron mobility 

improved significantly more than that of hole mobility. It appears that enhanced electron 

mobility is related to PC61BM cluster growth and the depletion region formation. 

Table.5.1. Charge carrier mobility of P3HT: PC61BM BHJ polymer solar cells 

Carrier Mobility 

 (cm
2
S

-1
V

-1
) 

Electron-only Mobility
(Cs

2
CO

3
) 

Hole-only Mobility 
(MoO

3
) 

Ratio 
(μ

e
/μ

h
)

As-cast 7.804x10
-6

 5.807 x 10
-5

 0.134 

Thermal (150oC, 20 min) 
(Conventional) 2.168 x 10

-5
 7.064 x 10

-5
 0.307 

DBT 1 min (80oC) 1.238 x 10
-5

 6.595 x 10
-5

 0.195 

DBT 1 min + Thermal 2.318 x 10
-5

 3.011 x 10
-4

 0.077 

DBT 1 min + UV 3 min 2.378 x 10
-5

 1.158 x 10
-4

 0.205 

New Process 
(UV 3 min) + Thermal 3.425 x 10

-5
 4.887 x 10

-4
 0.070 

 

One minute of DBT solvent annealing at 80oC generally enhances charge carrier mobility for 

both an electron and a hole together, but enhances the hole mobility slightly more than the 

electron mobility. Combined with thermal annealing at 150oC for 20 minutes, both the 

electron and hole mobility were further enhanced as 2.318 x 10
-5 

cm2s-1V-1for the electron 

mobility and 3.011 x 10
-4 

cm2s-1V-1 for the hole mobility.  

The charge carrier mobility values in the new post casting process are 2.378 x 10
-5 

cm2s-1V-

1for electron mobility and 1.158 x 10
-4 

cm2s-1V-1 for hole mobility after 3 minutes of UV 

exposure. Combined with thermal annealing, the mobility values were further improved, as 

indicated by 3.425 x 10
-5 

cm2s-1V-1 for electron mobility and 4.887 x 10
-4 

cm2s-1V-1 for hole 

mobility. The new post casting process based on the in situ UV photo-polymerization of DBT 

is much more effective in enhancing hole mobility than the conventional thermal annealing. 
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It looks that these improvements are due mainly to the enhanced π- π orbital overlap and the 

‘face on’ crystalline phase orientation from the new post casting process, in situ UV photo-

polymerization of DBT in the P3HT:PC61BM BHJ polymer solar cells. 

 

For the characterization of current density and voltage (J-V) curves of the P3HT:PC61BM 

BHJ polymer solar cells, devices were prepared using the following established fabrication 

procedure. The active layer thickness is 100 nm, and PEDOT:PSS is used as an electron 

blocking layer. ITO and Al are used as anode and cathode electrodes, respectively. The post 

thermal annealing was performed at 150oC for 20-minutes. The J-V characterization was 

performed under a solar simulator that was calibrated using a NREL-certified photo diode. 

Electrical signals were gathered using a source meter with four wire connections to minimize 

the resistance effects from the measuring facilities. A detailed explanation of the 

experimental set-up can be found in Chapter 2. 

The J-V characteristic curves of P3HT:PC61BM BHJ polymer solar cells, developed using 

the new post casting process, are shown in Figure 5.4. The recorded PCE is 3.93%, which is 

approximately 20% higher than that of the device developed using the conventional thermal 

annealing only. The best P3HT:PC61BM BHJ polymer solar cell performance, as shwon in 

Figure 5.4, comes from conditions of 1-minute DBT depostion at 80oC and 3-minutes of UV 

exposure followed by 150oC 20-minutes thermal annealing. 

 

 
Figure 5.4. J-V characteristic curves of P3HT:PC61BM BHJ polymer solar cells: (a) 
with different UV exposure times, and (b) comparison of conventional post thermal 
annealing only and new post process. 
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Morphology is the output from a combination of complicated factors, such as the degree of 

crystallinity, miscibility of components and interaction with solvents during the spin coating 

process, etc., which makes it difficult to explain everything about morphology with a simple 

theory. So, domain size helps simplify the verification and comparison of the morphological 

changes between the new and conventional processes. Therefore, P3HT:PC61BM BHJ 

polymer solar cells are fabricated in various processing conditions and their solar cells 

performance are compared based on the difference lateral domain sizes analyzed by AFM.  

As shown in Figure 5.5, the PCE is best when the lateral domain sizes, analyzed using the 

AFM, are around 9 nm with 3-minutes of UV exposure. The lateral domain size from 

conventional thermal annealing is around 12 nm with a PCE of 3.26%. The FF of the solar 

cells fabricated using the new process is best when processed with 3-minutes of UV exposure, 

and provides values as large as 62%. The open circuit voltage (Voc) reaches 0.59 V with 3-

minutes of UV exposure. The short circuit current (Jsc) with 3-minutes of UV exposure is 

10.9 mA, which is higher than that from conventional thermal annealing (10.1 mA). 

However, the short circuit current continues to increase with longer UV exposure times. This 

phenomenon is not fully understood, but it appears that the short circuit current is related to 

enhanced photon absorption with longer UV exposure times. 
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Figure 5.5. Summary of P3HT:PC61BM BHJ polymer solar cell parameters with 
various UV exposure times: (a) PCE vs. lateral domain size, (b) FF vs. lateral domain 
size, (c) Voc vs. lateral domain size, and (d) Jsc vs. lateral domain size.  
 

 
Figure 5.6. Summary of resistance values of P3HT:PC61BM BHJ polymer solar cells 
with various UV exposure times: (a) Rs vs. lateral domain size, and (b) Rsh vs. lateral 
domain size.  
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The series resistance (Rs) is small (3.4 Ohm cm2) with 3 minutes of UV exposure compared 

to around 6 Ohm cm2 for the conventional solar cells as shown in Figure 5.6 (a). This finding 

follows the trend in lateral domain size change seen in the AFM phase mode analyses. That 

is, series resistance has a close relationship with the interfacial area, and the smaller lateral 

domain size indicates a larger interfacial area. These factors provide better charge carriers 

separation performance than is found from the conventional thermal annealing, which 

includes a domain size of around 12 nm. The shunt resistance (Rsh) values from the new 

process show lower values, regardless of the UV exposure times, than those of the 

conventional devices as shown in Figure 5.6 (b). That is, the new post casting process 

produces low rectification performance of the solar cells. However, the overall values are 

within an acceptable range, as high as ~105 Ohm cm2, so it is clear that shunt resistance does 

not affect solar cell performance, even though the shunt resistance values are lower than 

those obtained from the conventional thermal annealing only. Further study is required to 

gain deeper understanding of device resistance in the new post casting process.  

 

5.3. Conclusions 

In this chapter, the P3HT:PC61BM BHJ polymer solar cell performance is characterized 

based on current-voltage (J-V) curve analysis of the P3HT:PC61BM BHJ polymer solar cells 

fabricated in new post casting process, and charge carrier mobility analysis using specially 

fabricated electron-only and hole-only P3HT:PC61BM BHJ polymer solar cells.  

The charge carrier mobility values of the electron-only and hole-only devices clearly show 

that charge carrier mobility, regardless of electron and hole mobility, are improved using the 

new post casting process. 

The PCE of P3HT:PC61BM BHJ polymer solar cells fabricated using the new in situ UV 

photo-polymerization of DBT shows the best perforamcne as 3.93% under the optimal 

process condition  of 1-minute DBT deposition and 3-minute UV exposure followed by 150 
oC,  20-minutes thermal annealing. This PCE value is 20% greater than that obtained from 

conventional thermal annealing only. Other characteristic values of the J-V curves, such as 

fill factor (FF), open circuit voltage (Voc), and short circuit current (Jsc), are shown as 62 %, 

0.59 V and 10.9 mA respectively for the optimal conditions of the new process. The slightly 
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lower values of shunt resistance (Rsh) compared to  those obtained from the conventional post 

thermal process are still within a reasonably good value range and appear not to hinder the 

performance of the final P3HT:PC61BM BHJ polymer solar cell. Further study is required to 

have a clear understanding of this phenomenon. 
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6. CONCLUSIONS AND PROPOSED FUTURE WORK 

6.1 Conclusions 

Two fundamental post processes have been commonly used to improve the performance of 

P3HT:PC61BM BHJ polymer solar cells. In the chapter 3, the fundamental functions and 

principles of two representative conventional post processes, post thermal and post solvent 

annealing, are studied using AFM and X-ray techniques, such as GIWAXS and R-SoXS. The 

phase separation is determined mainly by an initial spin casting process, and crystallinity is 

improved mostly through the post thermal annealing process. In the thermal annealing 

process, the crystalline phase has intense ‘edge-on’ and ‘face on’ crystalline phase 

orientations compared to an as-cast and their crystalline sizes also increase slightly. In the 

solvent annealing, both the degree of crystallinity and the morphology improve.  

DBT solvent annealing results in a better degree of crystallinity, a smaller crystalline phase 

and a smaller domain than in conventional thermal annealed P3HT:PC61BM BHJ active 

layers. It is hypothesized that the interdigitated DBT into the P3HT crystalline phase (based 

on GIWAXS results) results in a better inter-mixed BHJ active layer and finer crystalline 

phase than that of a thermal annealed crystalline phase of a P3HT:PC61BM BHJ active layer. 

Specifically, DBT shows good performance as an annealing solvent and is an excellent 

reactive monomer for the in situ UV photo-polymerization inside the P3HT:PC61BM BHJ 

active layer. 

In the chapter 4, a new post casting process based on in situ UV photo-polymerization of 

DBT is demonstrated herein. Under optimal process conditions, i.e., 1-minute of DBT 

deposition and 3-minutes of UV exposure followed by 150oC, 20-minutes thermal annealing, 

the ratio of ‘face on’ and ‘edge on’ orientations of P3HT improves approximately 70% 

compared with that from the conventional thermal annealing, and the overall crystalline size 

decreases. The R-SoXS data clearly indicate that a P3HT:PC61BM BHJ active layer 

processed under these optimal conditions of the new post casting process has a homogenous 

and finer inter-mixed zone compared with that from conventional thermal annealing only. 

This phenomenon minimizes the PC61BM crystalline phase growth in the BHJ layer and 
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results in a better PCE of the final P3HT:PC61BM BHJ polymer solar cells than occurs using 

the conventional thermal annealing. 

The solubility drop of UV photo-polymerized oligothiophene is explained using Hansen 

solubility parameters. Based on these parameters, relative energy density (RED) and Flory-

Huggins interaction parameters are calculated to predict the miscibility drop of the in situ UV 

photo-polymerized oligothiophenes in a P3HT: PC61BM BHJ active layer. The miscibility 

drop of the in situ UV photo-polymerized oligothiophenes with PC61BM during the new post 

casting process is much larger than that with P3HT. Regardless of P3HT and PC61BM, within 

the critical limits, the miscibility of UV photo-polymerized oligothiophenes decreases with 

an increase in the number of repeating units under UV exposure. The in situ UV photo-

polymerization of DBT is a dynamic process. Initially, DBT exhibits good miscibility with 

the BHJ constituents; however, the decreased miscibility of the polymerized oligothiophenes 

under UV exposure drives the nano-scale phase separation inside a P3HT: PC61BM BHJ 

active layer.  

Based on the analysis results of lateral morphology of the P3HT: PC61BM BHJ active layers 

by using AFM, a P3HT:PC61BM BHJ active layer from the new post casting process, in situ 

UV photo-polymerization of DBT, shows the smallest domain and P3HT crystalline sizes, 

which together improves the charge carrier separation at the P3HT and PC61BM interface.  

 

In the chapter 5, the P3HT:PC61BM BHJ polymer solar cell performance is characterized 

based on current-voltage (J-V) curve analysis of the P3HT:PC61BM BHJ polymer solar cells 

fabricated in new post casting process, and charge carrier mobility analysis using specially 

fabricated electron-only and hole-only P3HT:PC61BM BHJ polymer solar cells.  

The charge carrier mobility values of the electron-only and hole-only devices clearly show 

that charge carrier mobility, regardless of electron and hole mobility, are improved using this 

new post casting process. The charge carrier mobility of an as-cast P3HT:PC61BM BHJ 

active layer is as low as 7.804x10
-6 

cm2s-1V-1for the electron mobility and 5.807 x10
-5 

cm2s-

1V-1 for the hole mobility. Regardless of the type of post process, charge carrier mobility 

improved. In the conventional thermal annealing process, electron mobility improved 
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significantly more than that of hole mobility. It appears that enhanced electron mobility is 

related to PC61BM crystalline phase growth and the depletion region formation. 

One minute of DBT solvent annealing at 80oC, a pre-step for the in situ UV photo-

polymerization of DBT, generally enhances charge carrier mobility for both an electron and a 

hole together, but enhances the hole mobility slightly more than the electron mobility. 

Combined with thermal annealing at 150oC for 20 minutes, both the electron and hole 

mobility were further enhanced as 2.318 x 10
-5 

cm2s-1V-1for the electron mobility and 3.011 x 

10
-4 

cm2s-1V-1 for the hole mobility.  

The charge carrier mobility values after 3-minutes of UV exposure are 2.378 x 10
-5 

cm2s-1V-1 

for electron mobility and 1.158 x 10
-4 

cm2s-1V-1 for hole mobility. Combined with thermal 

annealing, the mobility values are further improved, as indicated by 3.425 x 10
-5 

cm2s-1V-1 for 

electron mobility and 4.887 x 10
-4 

cm2s-1V-1 for hole mobility. The new post casting process 

based on the combination of in situ UV photo-polymerization of DBT and thermal annealing 

at 150oC, 20-minutes is much more effective in enhancing hole mobility than the 

conventional thermal annealing only. It looks that these improvements are due mainly to the 

enhanced π- π orbital overlap and the ‘face on’ crystalline phase orientation from the new 

post casting process, in situ UV photo-polymerization of DBT, in the P3HT:PC61BM BHJ 

polymer solar cells. 

 

The PCE of P3HT:PC61BM BHJ polymer solar cells fabricated using the new in situ UV 

photo-polymerization of DBT shows the best performance at 3.93% under the optimal 

process condition of 1-minute DBT deposition and 3-minute UV exposure. This PCE value is 

20% greater than that obtained from conventional post thermal annealing only.  

Other characteristics values of the J-V curves, such as fill factor (FF), open circuit voltage 

(Voc), and short circuit current (Jsc), are shown to be excellent outputs for the optimal 

conditions of the new post casting process. The slightly lower values of shunt resistance (Rsh) 

compared to  that from the conventional post thermal annealing is still within a reasonably 

good value range and appears not to hinder the performance of the final P3HT:PC61BM BHJ 

polymer. Further study is required to have a clear understanding of this phenomenon. 
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In summary, the demonstrated new post casting process for the P3HT:PC61BM BHJ polymer 

solar cells enhances the critical factors that are needed in order to produce the good 

P3HT:PC61BM BHJ polymer solar cell performance. These factors include high crystallinity, 

a small crystalline phase, ‘face-on’ crystalline phase orientation, a small domain and finer 

inter-mixed zone in BHJ active layer.  

In this research, it is shown that the P3HT:PC61BM BHJ polymer solar cells fabricated from 

the new post casting process, in situ UV photo-polymerization of DBT, perform better than 

those from conventional thermal annealing only. 

 

6.2 Future Work 

Morphology control of BHJ polymer solar cells based on the in situ UV photo-

polymerization of a reactive monomer is a new concept; no similar ideas have been reported, 

to the best of the researcher’s knowledge. Therefore, the fundamental studies presented in 

this research could serve as a foundation for future experiments and improvements. DBT 

monomer is selected as a candidate for the in situ UV phtopolymerization because it has a 

similar chemical structure to that of P3HT (i.e., p-type, and electron donor) and has relatively 

good solubility with both P3HT and PC61BM.  

There is a expectation that the maximun PCE from P3HT:PCBM BHJ polymer solar cells 

can achieve 8~10% PCE based on the calculations, which are considering of the maximum 

photon absoprtion and energy bands alignments. However, It looks that PCE of this materials 

system can not be over 5% PCE. Practically speaking, There are debates  regarding the 

record PCE values over 5% PCE of P3HT:PC61BM BHJ polymer solar cells.[239-242] 

Therefore, many chemists are trying to synthesize different materials based on low bad gap 

polymers[228, 243-252] instead of P3HT and a new-found record efficiency of BHJ polymer 

solar cells is around 8% PCE[134], which has already been reported, as described in Chapter 

1. In order for it to be a common and universal method, the in situ morphology control of 

BHJ polymer solar cells using the in situ UV photo-polymerization of a reactive monomer 
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that is proposed in this thesis should be tested using other promising materials, except the 

P3HT:PC61BM BHJ system. This kind of trial should be the first priority in any future work.  

As a preliminary study, bulk morphologies of several new material combinations are studied 

using R-SoXS. The first example is in situ UV photopolymerization of DBT in a 

P3HT:PC71BM BHJ active layer. 

As shown in Figure 6.1 (b), the P3HT:PC71BM BHJ system shows less intensity from the in 

situ UV photo-polymerization of DBT than that from conventional thermal annealing only. 

Additionally, the bulk domain from the new process are smaller than those derived from 

conventional thermal annealing only. It is regarded that DBT also has good solubility with 

PC71BM due to this well-controlled small domain. Several reports indicate that PC71BM 

shows improved PCE performance with a combination of low band gap polymers or even 

with P3HT in a BHJ active layer.[238, 253-255] It is already proven that the energy bands 

alignment between P3HT and PC71BM work greatly for the BHJ polymer solar cells without 

any problem, so it is expected that an enhanced PCE for P3HT:PC71BM BHJ polymer solar 

cells will emerge from this new post casting proess.  

 
Figure 6.1. Comparison of R-SoXS results of: (a) a P3HT:PC61BM BHJ active layer, 
and (b) a P3HT:PC71BM active layer in the new post casting process (thermal annealing 
condition is 150oC, 20-minutes) . 
 

For a second idea, different types of reactive monomers were tested. Fluorene is a commonly 

used monomer that is widely employed in the synthesis of low band gap conjugated polymer 

with the combination of thiophene monomers that have various lengths of alkyl side chain. 
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Because fluorene-based low band gap conjugated polymers have become popular for 

applications in BHJ polymer solar cells, fluorene-based monomer is tested and compared, 

using R-SoXS, to the morphological changes that occur with bithiophene-based reactive 

monomers. Both types of monomers are solid phases at room temperature and have  a 

relatively high melting temperature of over 100oC. 10 wt% of these solid phase reactive 

monomers are introduced and both types dissolved well in CB solvent. 

R-SoXS data of P3HT:PC61BM BHJ active layers having 10 wt% of two different solid 

phase reactive monomers are shown in Figure 6.2. It appears that they are not as effective in 

producing the homogeneous inter-mixed phase in a BHJ active layer, as DBT which starts 

from a liquid phase monomer, because no big decrease in scattering intensity with increasing 

UV exposure is evident. However, it appears that no macro-phase separation occurs.  

 
Figure 6.2. R-SoXS results of: (a) 10 wt% of dibromobithiophene (DBBT), and (b) 10 
wt% dibromofluorene (DBF) in a P3HT:PC61BM BHJ active layer with different UV 
exposure times (post thermal annealing condition: 150oC, 20 minutes). 
 

Figure 6.3 shows interesting R-SoXS results from two other reactive monomers. R-SoXS 

intensity increases with increasing UV exposure in the case of a P3HT:PC61BM BHJ active 

layer that has 10 wt% of diBr-biphenylthiophene (BBPT), as indicated in Figure 6.3 (a); 

however, in the case of 10 wt% 9,9-diethyl hexyl 2,7-dibromofluorene (DEHDBF) in a 

P3HT:PC61BM BHJ active layer, the R-SoXS intensity decreases with increasing UV 

exposure time. These results may come from the different miscibility of these reactive 

monomers in a P3HT:PC61BM BHJ active layer. The increased scattering intensity of R-
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SoXS means that the crystalline phases inside the P3HT:PC61BM BHJ active layer are 

purified and no homogeneous inter-mixed zone exists due to the big difference in miscibility.  

 
Figure 6.3. R-SoXS results of: (a) 10 wt% of diBr-biphenylthiophene (BBPT), and (b) 
10 wt% of 9,9-diethyl hexyl 2,7-dibromofluorene (DEHDBF) in a P3HT:PC61BM BHJ 
active layer with different UV exposure times (post thermal annealing condition: 150oC, 
20-minutes). 
 

Due to limited materials, there are no data for other BHJ materials, such as low band gap 

polymers. These kinds of different material combinations for in situ UV photo-

polymerization-induced morphology control would provide an interesting topic of future 

study. 
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APPENDIX A 

8. UV PHOTO-POLYMERIZATION OF 2,5-DIBROMOTHIOPHENE 

(DBT) AND ITS MATERIAL PROPERTIES  

8.1. Background 

Poly(thiophene) (PT) is one of the most popular semiconductor polymers because it has 

excellent electrical properties and thermal stability. Furthermore, it is relatively stable in 

oxidation.[256] The inherent problem of PT is the low solubility like most other inherent 

semiconducting polymers such as poly(phenylenevinylene) (PPV), poly(paraphenylene) 

(PPP), poly(phenylene sulfide) (PPS) and poly(acetylene) (PA). This is the result of the high 

intermolecular π-π orbital overlapping and the enhanced crystallinity. Solubility of PT 

dramatically decreases with the increase of molecular weight and it is transformed into an 

insoluble PT even with 6 repeating units (sexithiophene). Sexithiophene has superior 

electrical properties and is  typically employed in OTFT (organic thin film transistor) using a 

thermal evaporation process.[256]  

There are two popular in situ polymerization methods of conjugated polymers such as 

polythiophene. The first is electrochemical polymerization[257] and the other is plasma 

polymerization. In the case of electrochemical polymerization, it is accomplished by 

applying a voltage into a monomer solution with diluted electrolyte, the oxidative coupling of 

thiophene ring on the surface of anode. This electrochemical polymerization can only be 

applied with a solvent and substrate having the higher oxidizing potential than that of 

thiophene monomer. In case of plasma polymerization of polythiophene[258-260],  it is not 

yet well understood, the detail mechanisms of the initiation and propagation reactions are not 

clear. Additionally, there is an expected degradation from the high energy of species during 

the reaction. Random coupling of monomer and monomer fragmentation are usually 

produced and they resulted in a highly cross-linked polymer with many structural defects. 

This process is normally recommended for an antistatic coating process on non-conducting 

substrates without the critical concern for the quality of the coated film. Some other methods 

such as laser induced chemical vapor deposition[261, 262] and x-ray[263, 264], ion[265] and 
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electron induced polymerization[266-268]12-16 were also reported and similar 

defragmentation related defects  resulted due to the high energy species included. 

In situ UV photo-polymerization of 2,5-diiodothiophene (DIT) was recently carried out by S. 

Natarajan et al. to make  negative tone polythiophene patterns based on the solubility drop of 

polythiophene with the increase of molecular weight.[223-226, 269, 270] They thermally 

deposited a thin layer of solid DIT on Si wafer or Cu metal surfaces and made insoluble PT 

patterns under the various UV exposure conditions. S. Tepavcevic et al recently used this 

idea for their inorganic-organic hybrid polymer solar cells.[271] The UV photo-

polymerization of DIT was carried out inside the vertically aligned TiO2 nanotube arrays and 

P3HT was spin-coated as a p type semiconductor material on top of that array. The 

performance of solar cells was poor, perhaps the unreacted DIT monomers work as 

impurities.  

In this thesis, a new concept of promising post process for the further improvement of the 

P3HT: PC61BM polymer solar cells is demonstrated. The key idea is that the solubility drop 

from an in situ UV photo-polymerization of DBT can result in a much finer morphology and 

the better crystalline orientation in P3HT: PC61BM polymer solar cells than that of the 

conventional post thermal annealing. In this chapter, a fundamental idea of the UV photo-

polymerization of 2,5-dibromothiophene (DBT) was reviewed and verified. Additionally, the 

solubility decrease, the molecular weight increase, the crystallinity, and the thermal stability 

were studied using direct or indirect experimental methods.  

 

8.2. UV Photo-Polymerization of 2,5-Dibromo-Thiophene (DBT). 

The covalent bond dissociation energy of carbon-bromine (C-Br) is 72.1Kcal/mol[237] and 

the UV photo-polymerization, regardless of DIT or DBT, is a radical based condensation 

reaction caused by breaking the carbon-halide bonding and the halogen gas is given off as a 

by-product. It has a slow polymerization rate, a low molecular weight and a broad molecular 

weight distribution in the final products. Furthermore, the unreacted monomers should be 

washed out using an organic solvent to be used for an application which requires the high 

purity of polythiophene. In the in situ UV photo-polymerization of DBT for P3HT: PC61BM 

BHJ polymer solar cells in this thesis, the introduced DBT amount for the reaction is 
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minimized using a vapor deposition and no further step is required to remove the unreacted 

DBT monomers. The fundamental reaction is shown as a schematic diagram in Figure 8.1. 

 

Figure 8.1. Schematic reaction diagram of UV photo-polymerization of DBT (modified 
based on the DIT reaction diagram of the Penn State Group).[223-226] 
 

The reaction verifications of the UV photo-polymerization of DBT were performed by using 

a UV vis spectrophotometer and an FT-IR. The absorption peak maximum(Absmax) at 500nm 

is increased and the optical bandgap decreases from the bathochromic shift of absorption 
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spectra as time goes by and there was a precipitation of relative high molecular weight of 

insoluble polythiophene.  

 
Figure 8.2 (a) UVvis Spectrophotometer spectra during the UVphoto polymerization of 
DBT (Soluble portions only), (b) Absmax and (c) optical bandgaps vs. UV exposure times.  
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Figure 8.3. Color photograph of photoluminescence emission of UV photo-polymerized 
liguid phase oligothiophenes from DBT at 25°C: (a) 5min and (b) 10min UV exposure 
(excitation @ 365nm) and precipitated UV photo-polymerized insoluble polythiophene 
for FT-IR analysis: (c) in THF and (d) photoluminescence (excitation @365nm in THF). 
 

The UVvis spectrophotometer results are shown in Figure 8.2 and the color photographs of 

the photoluminescence of the UV exposed DBT after 5min and 10min UV exposure are 

shown in Figure 8.3 (a) and (b). The color photoluminescence photographs of the UV 

photopolymerized insoluble PT are also shown in  Figure 8.3 (c) and (d).  
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Figure 8.4. FT-IR spectra during the UV photopolymerization of DBT: (a) Soluble 
portion only, (b) Insoluble portion only. 
 
Both precipitated insoluble and soluble protions during the UV photo-polymerization were 

analyzed by using a FT-IR spectrphotometer (Figure 8.4) and All characteristic 

polythiophene peaks[272-274] are preserved without any photodegradation under our 
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optimum exposure conditions. In the soluble portion, aromatic stretching vibrational C-H and 

C=C peaks are shown at 3080~3030 cm-1 and 1570 ~1475cm-1 (as a doublet) respectively 

and an aromatic in planar and out of planar C-H bending peaks are also shown  at 1000 and 

750cm-1 respectively. The strong C-Br vibration peak looks overlap with a C-H out of planar 

peak. Due to the similarity in the chemical structures of a DBT monomer and a soluble low 

molecular weight polythiophene, there is no distinct difference in their FT-IR spectra . In the 

insoluble portion, aromatic stretching vibrational C-H and C=C peaks are shown at the 

similar peaks positions with those of the soluble portion. An aromatic in planar  peak is 

slightly shifted to 1100~1050 cm-1 and an out of planar C-H bending peak is also shown at 

800 cm-1 at the same position of soluble portion. An isolated bromine peak and a strong C-Br 

vibration peak are shown at 850 cm-1 and 700 cm-1 respectively. It is clearly verified that all 

the characteristic peaks are preserved without any chemical degradation e.g., a thiophene ring 

breakage during our optimized strong UV exposure. When it is further compared with that of 

a commercially available high molecular insoluble polythiophene, the shape of their FT-IR 

spectra match exactly. When it is exposed to the deep UV light which has a wavelength less 

than 200nm, without a band pass filter, thiophene ring breakage of the insoluble precipitated 

product is easily recognized using a FT-IR and those characteristic thiophene peaks which 

are mentioned earlier have disapeared. Characteristic FT-IR peaks of the soluble UV 

photopolymerized portions which were dissolved in the unreacted DBT monomers during the 

reaction are also verified to have no photo-degradation. 

 

8.3. Catalytical Synthesis of α,ω-Dibromo-Oligothiophene using Ferric 

Tribromide (FeBr3) and Characterization of Its Properties. 

In situ UV photo-polymerization of DBT is used to enforce the phase separation of 

P3HT:PC61BM BHJ active layer with the rapid solubility drop during UV exposure. The 

reaction was carried out with a liquid phase of DBT inside a solid P3HT:PC61BM BHJ thin 

film. Therefore, the high molecular weight of polythiophene is not expected due to the 

difficulty of solid state polymerization.  
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For the further understanding of reaction, it is necessary to characterize the fundamental 

properties of UV photo-polymerized polythiophenes. UV photo-polymerization of DBT is a 

radical based condensation reaction and requires a long reaction time and soluble 

oligothiophenes were still dissolved in DBT during reaction. Furthermore, it is difficult to 

isolate the soluble oligothiophenes only from the final product that mixes with unreacted 

liquid phase DBT monomers and the high molecular weight polythiophenes during the UV 

photo-polymerization were insoluble in conventional organic solvents and precipitated. Due 

to these reaction characteristics, there were many difficulties to carry out the critical chemical 

analyses. Except for FT-IR and Uvvis analyses, it was difficult to perform other chemical 

analysis techniques such as GPC and MALDI-TOF MS etc. With the above mentioned 

analytical difficulties, soluble α,ω-dibromo-oligothiophenes, which have molecular weight 

that is low enough to be soluble in organic solvents, are catalytically synthesized as shown in 

Figure 8.5.  

 
Figure 8.5. Schematic reaction diagrams of catalytically synthesized Br-terminated α,ω-
dibromo-oligothiophenes. 
 

Catalytically synthesized α,ω-dibromo-oligothiophenes presumably have same chemical 

structures that are compared with those from the UV photo-polymerized oligothiophenes and 

are used as a model system to understand the fundamental material properties of UV photo-

polymerized oligothiophenes. Soluble α,ω-dibromo-oligothiophenes were synthesized by 

using  Ferric tetrabromide (FeBr3) as an oxidizing agent in a solution polymerization and the 
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resulted soluble α,ω-dibromo-oligothiophenes were purified using a soxhlet extractor in 

several differential solvents. The detailed experimental procedures are described in Chapter 2.  

 

Two α,ω-dibromo-oligothiophenes that have slight different molecular weight distribution 

were synthesized and both of them are soluble in many organic solvents such as CB, THF 

and even in DBT monomer. Furthermore, it is possible to do a spin coating of them on a 

substrate due to the good solubility in conventional solvents. This good solubility comes 

from the molecular weight that is low enough to be soluble in organic solvents.  

The molecular weight analysis using a MALDI-TOF-MS was performed as shown in Figure 

8.6. The polydispersity index (PDI) is around 1.03 and Mn and Mw are around 891.3 and 

924.1 Da respectively in a high molecular weight (HMW) type that was extracted by using 

THF. A low molecular weight (LMW) type that was extracted by using acetone has 686.9 Da 

(Mn) and 891.3 Da (Mw). 

 
Figure 8.6. MALDI-TOF MS results of α,ω-dibromo-oligothiophenes for the molecular 
weight analysis (numbers in (a) graph stand for the # of repeating  units).  
 

Reaction verifications was performed using a FT-IR, a X-ray photoelectron spectroscopy 

(XPS) and a Uv-vis spectrophotometer. All the thiophene characteristic peaks in the FT-IR 

results are clearly preserved and those peaks are also compared with several commercial 

thiophene products such as Br-terminated high molecular weight polythiophene, α-

sexithiophene and 2hexylthiophene as shown in Figure 8.7.  
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Figure 8.7. FT-IR spectra of (a) synthesized soluble α,ω-dibromo-oligothiophenes and 
(b) commercially available thiophene products. 
Aromatic stretching vibrational C-H and C=C peaks are shown at 3080~3030 cm-1 and 1570 

~1475cm-1 (as a doublet) respectively. In case of an aromatic in planar bending, peaks are 

slightly shifted from 1000 cm-1 to 1100 cm-1 but an aromatic out of planar C-H bending 

peaks are  shown  at 800 cm-1  without any shift. These kinds of trends are also shown in the 

compared commercial thiophene products.  
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The calculated XPS results of α,ω-dibromo-oligothiophene film which was spun cast on Si 

wafer is shown in Figure 8.8.  

 
Figure 8.8. X-ray Photoelectron Spectroscopy (XPS) spectra of α,ω-dibromo-
oligothiophene (HMW).  
 

Carbon region in XPS results has two different carbon peaks, C1s peak from a C=C bond at 

284 eV and the C1s peak from C-H at 285.5eV[270], as shown in Figure 8.8 (a). Absence of 

other carbonaceous species suggests the homogeneity of the carbon in a synthesized α,ω-

dibromo-oligothiophene. In the high-resolution of S2p XPS region, there is a well-resolved 

spin-orbit doublet peak at 164.1 and 165.5 eV, as shown in Figure 8.8 (b). These peaks are 

attributed to 2p3/2 and 2p1/2. Their positions are consistent with the reported XPS values for 

polythiophene that indicate the intactness of the thiophene monomeric unit in the synthesized 

polymer film.27 The ratio of the doublet peak areas is found to be 2:1, which is consistent 

with theoretical value. The average S/C atomic ratio is found to be around 0.22. It looks like 

there was some damage to the samples during the XPS survey scan of samples but this is in 
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agreement with the theoretical value of 0.25 within experimental error ranges. Br 3d5/2 and 

3d3/2 peaks are at 70.5eV and 71.5eV respectively shown in Figure 8.8 (c). 

Absmax spectra of α,ω-dibromo-oligothiophenes from the UVvis spectrophotometer are 

around 410nm in THF as shown in Figure 8.9.  

 
Figure 8.9. UVvis spectrophotometer spectra and a photoluminescence color pictuere of 
(a) P3HT (Sigma-Aldrich), (b)and (c) α,ω-dibromo-oligothiophenes (photoluminescece 
excited at 365nm). 
 

They have shorter wave lengths of Absmax than that of P3HT and are longer than that of 2,6-

dihexyl-sexithiophene, due to the conjugation length difference. These Absmax wave length 

values are shorter than those from the soluble UV-photo-polymerized oligothiophenes in 

Figure 8.2. It is possibly the result of the slight difference in the conjugation length but 

mainly due to the solvatochromic effect in different solvents. P3HT in CB generally shows 

more bathochromic absorption shift than in THF. 

The photoluminescence results are matched well with the UVvis absorption results. A longer 

wave length of orange color photoluminescence comes from P3HT and yellow and green 

color photoluminescence are shown from the synthesized HMW and LMW α,ω-dibromo-

oligothiophenes respectively. The optical band gaps of them in THF are 2.45 eV (HMW) and 

2.51 eV (LMW) respectively (P3HT: 2.33 eV). Both HMW and LMW types have the low 
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crystallinity and looks like almost amorphous from the XRD results as shown in Figure 8.10 

(a).  

 
Figure 8.10. X-ray diffraction (XRD) and thermogravitric analysis (TGA) results of 
α,ω-dibromo-oligothiophenes. 
 

However, from DSC results, The HMW α,ω-dibromo-oligothiophenes show the melting 

point (mp) at 210oC, the crystallization temperature (Tc) at 150oC and the glass transition 

temperature (Tg) is around 80oC. Even with much shorter conjugation length and lower 

molecular weight than P3HT, they show similar thermal properties and this indicates that 

inherent polythiophenes or oligothiophenes free from alkyl side chains have better thermal 

stability than P3HT. However, α,ω-dibromo-oligothiophenes have lower Tm and Tc than 

those of α-sexithiophene and 2-hexylsexithiophene which have the higher degree of 

crystallinity (Tm ~280oC and Tc ~ 270oC). From TGA results as shown in Figure 8.10 (b) in 

N2 gas environment, it appear that the thermal stabilities of the synthesized α,ω-dibromo-

oligothiophenes are interestingly better than P3HT, α-sexithiophene and 2-hexyl 

sexithiophene. α,ω-dibromo-oligothiophenes mixed in DBT is placed under the UV light for 

20minutes. The formed film was dissolved in CB and a bathochromic shift in the absorption 

spectrum results due to the increased conjugation length. Additionally, the orange-yellowish 

color of photoluminescence comes out of the reaction with DBT as shown in Figure 8.11.  
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Figure 8.11. UVvis spectrophotometer spectra of (a) 20minutes UV exposed souble 
portion of α,ω-dibromo-oligothiophenes/ DBTmixture, (b) P3HT (Sigma-Aldrich) and 
(c) pristine α,ω-dibromo-oligothiophene (HMW) (photoluminescece excited at 365nm). 
 

It suggests that the solubility of α,ω-dibromo-oligothiophenes are very close to the critical 

solubility limit and slightly increased molecular weight of them results in the precipitation. 

The effect on the P3HT:PC61BM BHJ domain size and domain purity from the miscibility 

drop of α,ω-dibromo-oligothiophenes inside P3HT:PC61BM BHJ active were analyzed using 

a RSoXS as shown in Figure 8.12. 
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Figure 8.12. RSoXS analysis of P3HT:PC61BM BHJ active films with 10 wt% of α,ω-
dibromo-oligothiophene: (a-b) conventional BHJ films w/wo post thermal annealing, (c-
d) 10 wt% α,ω-dibromo-oligothiophene introduced BHJ films w/wo post thermal 
annealing and (e-g)  in situ UV photo-polymerization of α,ω-dibromo-oligothiophene 
(10 wt%) in P3HT:PC61BM BHJ active films with various exposure times. 

 

P3HT:PC61BM active films that contain 10 wt% of α,ω-dibromo-oligothiophene have much 

larger domain size around 35~50nm than the conventional P3HT:PC61BM BHJ polymer solar 

cell that have 15~20nm domain size. R-SoXS intensity from the P3HT:PC61BM BHJ active 

films that contain 10 wt% of α,ω-dibromo-oligothiophene is much stronger than that of post 

thermal annealing only. It appears that α,ω-dibromo-oligothiophene drives the macro-phase 

separation in the BHJ active layer due to the worse miscibility of it with P3HT and PC61BM 

components in BHJ active layer. It is very effective to carry out in situ UV photo-

polymerization of DBT, which is a liquid phase reactive monomer that has the good 

miscibility with P3HT and PCBM, in P3HT: PC61BM BHJ active layer to have the smaller 

nano-phase separation and finer morphology. 
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8.4. Conclusions. 

UV photo-polymerization of DBT was carried out and the reaction is verified using a FT-IR, 

an UVvis spectrophotometer and photoluminescence that is excited at 365nm. The UV 

photo-polymerized oligothiophene contains two portions: one is soluble low molecular 

weight and the other is insoluble high molecular weight oligothiophene. The insoluble 

portion is precipitated during the long time exposure to UV light. Based on this result, it 

confirms that a short time UV exposure 1~3 minutes during the in situ UV photo-

polymerization of DBT inside a P3HT:PC61BM BHJ active layer cannot result in the 

insoluble oligothiophene that has high molecular weight. However, it convinces that in situ 

UV photo-polymerized soluble oligothiophene definitely derives the nano-scale phase 

separation inside a P3HT:PC61BM BHJ active layer to achieve fine morphology due to the 

miscibility drop of it through the in situ UV photo-polymerization of DBT.  

A model, soluble Br-terminated α,ω-dibromo-oligothiophene was synthesized and its 

chemical properties were analyzed. From the TGA results, it is confirmed that α,ω-dibromo-

oligothiophene has better thermal stability than those of insoluble α-sexithiophene and P3HT, 

even though it has much small amount of crystalline phase compared with other 

commercially available thiophene-based materials. α,ω-dibromo-oligothiophene has good 

solubility in conventional solvents such as CB and can be spun cast on substrate as a 

yellowish colored film. From the MALDI TOF MS analysis Surprisingly, it contains a higher 

number of repeating units, more than 6 repeating units that is the repeating unit number of 

insoluble α-sexithiophene. This relatively higher solubility even with the high number of 

repeating units comes from the low crystallinty. Further reaction of α,ω-dibromo-

oligothiophene with DBT under UV light, there is a precipitation for a short time and the 

soluble portion showed a bathochromic shift in the UVvis absorption spectrum. It means that 

catalytically synthesized α,ω-dibromo-oligothiophene, a model Br-terminated oligothiophene 

is located  near the solubility limit and the further increase of the molecular weight from the 

UV photo-polymerization with DBT decreases its solubility during the reaction and resulted 

in a precipitation due to the solubility drop above the solubility critical point. It is confirmed 

that the lower miscibility of α,ω-dibromo-oligothiophene with P3HT and PC61BM due to the 
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high molecular weight effects using R-SoXS analysis. Relatively higher intensity and larger 

domain size are monitored in the P3HT:PC61BM BHJ active layers that contain 10 wt% α,ω-

dibromo-oligothiophene as an additive regardless of conventional post thermal annealing. In 

these films domain size decrease was not monitored even followed by a UV exposure with 

DBT, because α,ω-dibromo-oligothiophene itself already has poor miscibility with P3HT and 

PC61BM BHJ components. 
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APPENDIX B 

9. PHYSICS OF SOLAR CELLS 

9.1. Equation Derivation for Real Diode that Considers Series and Shunt 

Resistance 

An equivalent circuit diagram (ECD)  for ideal diode is shown in Figure 9.1.  

 
Figure 9.1. Equivalent circuit of an ideal solar cell (Figure are reproduced from [22]).  

 
 

Solar cells are the conventional diode in the dark condition, and they allow much more 

current flow in the forward bias (V > 0) than in the reverse bias (V < 0). This kind of 

rectifying property is a characteristic of ideal diode properties. Using a simple ideal diode 

equation, called the Shockley equation, the Jdark (V) equation is normally formulated as 

shown in Equation (9-1): 

( ) ( 1)B

qV

nk T
dark oJ V J e                                                              (9-1)  

In this equation, Jo is a constant, KB is Boltzmann’s constant, n is ideality factor and T is 

temperature in degrees Kelvin. Because 0sR    and shR    in an ideal diode, current 

through such an ideal solar cell is determined by current density only, and for an applied 

positive voltage, the current increases exponentially. Under illuminated conditions, photo-

current density from the exposed light photons is generated, and the equation for net current 

density is modified as Equations (9-2) and (9-3).  

The overall current voltage response of solar cells can be approximated as the sum of the 
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short-circuit photo-current and the dark current. This step is known as the superposition 

approximation. Although reverse current, which flows in response to voltage in an 

illuminated solar cell, is not formally equal to current that flows in dark current, the 

approximation is reasonable for many materials used in solar cells. 

( ) ( )dark scJ V J V J                                                                    (9-2) 

( ) ( 1)B

qV

nk T
o scJ V J Je                                                              (9-3) 

With isolated contact, the potential difference that originates from the difference in energy 

levels between the electron donors and electron acceptors reaches its maximum value, which 

is the open-circuit voltage (Voc). This voltage occurs when the dark current and short-circuit 

photo-current cancel each other out. The Voc for an ideal diode is shown in Equation (9-4) 

when the current density = 0. The Voc increases logarithmically with light intensity. 

ln( 1)scB
oc

o

JnK T
V

q J
                                                               (9-4) 

The function of solar cells in the real world is slightly different than that of an ideal diode. 

The two inherent resistances, Rsh and Rs, are not considered in an ideal diode. Their effect on 

the final solar cells’ performance is critical, and a more realistic model is needed to predict 

and to explain the real function and performance of solar cells.  

 
Figure 9.2. Equivalent circuit, including series and shunt resistances (Figure are 
reproduced from [2222]).  

 
Series resistance depends mainly on the resistance of each of the solar cell materials and the 

surface contacts. High series resistance reduces the current flow under short-circuit 

conditions. Shunt resistance originates in current leakage through devices and results in 
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poorly rectifiying solar cells. The series resistance and shunt resistance reduce the FF, as 

shown in Figure 9.2. A small series resistance and large shunt resistance are needed in order 

to have excellent working solar cells. 

 
Figure 9.3. Effect of (a) increasing series resistance and (b) decreasing shunt resistance 
on solar cell performance: In each case, the outer curve has 0sR    and shR   ; the 

effect of the resistances is to reduce the area of the maximum power compared to Jsc x 
Voc (Figure are reproduced from [22]). 
 

When parasitic series and shunt resistances are considered, as shown in Figure 8.14., 

Equation (9-4) should be modified to become Equation (9-5). 

( )sc dark sh sJ J J R V JR                                                 (9-5) 

This Equation (8-5) can be transformed into Equation (8-6). 

( 1)s
sc dark

sh sh

R V
J J J

R R
                                                 (9-6) 

Combined with Equation (8-1), 

( ) ( 1)B

qV

nk T
dark oJ V J e                                                         (9-1) 

Equation (8-6) becomes Equation (8-7). 

/( ) ( 1)
s

B

V JR
sh sh nk T q

sc o
sh sh s sh s

R RV
J J J

R R R R R e


   
                         (9-7)  

The final rearranged equation is Equation (8-8) 
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/( 1)
1 1
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sh o nk T q

s s

sh sh

V
J

R J
J

R R

R R

e



   

 
                                (9-8) 

The open-circuit voltage (Voc) also should be modified in consideration of the shunt 

resistance effect, as shown in Equation (8-9). 

/
ln( 1)sc oc shB

oc
o

J V RnK T
V

q J


                                       (9-9) 

 

 


