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Polymer solar cell (PSC) has been a popular topic of research for the past few 

decades ever since the discovery of the semiconducting property of conjugated 

polymers. In hope to replace traditional silicon-based solar cells with lightweight, 

flexible, and inexpensive PSCs, a great amount of effort has been made by researchers 

worldwide, which has resulted in power conversion efficiency (PCE) of PSCs over the 

critical 10% threshold. Furthermore, small appliances powered by PSCs are already 

commercially available. Though significant progress has been in the field of PSC, many 

technical barriers still persist, one of which is the intrinsic disadvantage of organic 

materials compared to inorganic materials: a lack of crystallinity. Such property of 

organic materials, e.g., polymers, significantly affect the performance of PSCs because 

their generation of photocurrent heavily relies on processes that require highly ordered 

morphology in each phase of the active layer. This dissertation focuses on using a 

series of novel solid additives to improve the crystallinity of the active layer in order to 

improve the overall PCE of PCS devices. 
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The first portion of this dissertation focuses on a trimeric perfluoro-ortho-

phenylene mercury compound Hg3, and its application as an active layer additive for 

PSCs. It demonstrates that Hg3 has strong interactions with various types of conjugated 

polymers, such as poly[2-methoxy,5-(2’-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-

PPV) and poly(2,5-dioctyloxy-1,4-phenyleneethynylene) (DOO-PPE). These interactions 

will induce aggregation of polymers towards a higher degree of crystallinity. And the 

effect of Hg3 as an active layer additive is examined in PSCs using MEH-PPV as a 

donor material. 

The second portion of this dissertation focuses on E-decafluorostilbene (E-DFS) 

as a mercury-free alternative to Hg3 and its application as an active layer additive for 

PSCs. It demonstrates that E-DFS has similar interaction with MEH-PPV as does Hg3, 

which improves the crystallinity of MEH-PPV films. The effect of E-DFS as an active 

layer additive is also examined in PSCs using MEH-PPV as the donor material. 

Furthermore, the results of testing the interactions between various conjugated 

polymers with Hg3 and E-DFS, respectively, as well as the results of quadrupole 

moment calculation of the repeating units of the polymers and the additives, the nature 

of the aforementioned interaction is confirmed. Lastly, a general guideline on predicting 

conditions under which such interaction within an additive and polymer pair would occur 

is summarized. 
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CHAPTER 1 
INTRODUCTION 

Semiconducting Polymer Background 

The search for organic semiconductors, especially polymers, that can replace 

inorganic semiconductors to produce inexpensive, lightweight, and flexible electronic 

devices has been a significant scientific endeavor in the past few decades. This 

interdisciplinary field draws upon expertise from physicists, chemists, materials 

scientists, and electrical engineers. One of the highlights that was produced by this 

collaborative effort is the development and commercialization of the polymer solar cell 

(PSC), with numerous companies and research institutions all over the world still 

constantly improving their performance. 

Development of Semiconducting Polymers 

Traditionally, polymers are insulators. The application of polymers in electronic 

devices was only made possible by the discovery of conjugated polymers that 

demonstrated electrical conductivity. The 2000 Nobel Prize in Chemistry was awarded 

to Heeger, MacDiarmid, and Shirakawa for their work on doped polyacetylene that 

behaved like metal.1 Since then, a great deal of effort has been spent on the synthesis 

of soluble conjugated polymers that can be solution-processed during device 

fabrication. The development of cross-coupling reaction by palladium-based catalysts 

not only helped Heck, Negishi, and Suzuki to win the 2010 Nobel Prize in Chemistry, 

but also enabled a great expansion of available conjugated polymers for further 

studies.2 Though earlier research primarily focused on doped materials that are 

conductors, more and more attention was given to semiconducting materials in hope to 

fabricate polymer electronic devices such as transistors, light emitting diodes, sensors, 
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and solar cells.3–6 A virtually unlimited number of accessible structures obtained through 

organic synthesis is a significant advantage of polymer semiconducting materials over 

its inorganic counterparts. Some of the well-known conjugated polymers are shown in 

Figure 1-1.  

 
Figure 1-1.  Examples of conjugated polymers. Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene] (MEH-PPV), poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-
phenylene-vinylene] (MDMO-PPV), poly(3-hexylthiophene-2,5-diyl) (P3HT), 
poly(2,5-dioctyloxy-1,4-phenyleneethynylene) (DOO-PPE), poly(9,9-
dioctylfluorene-alt-bithiophene) (F8T2), poly[2,7-(9,9-di-octyl-fluorene)-alt-4,7-
bis(thiophen-2-yl)benzo-2,1,3-thiadiazole] (PFO-TBT), poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), poly[2,6-(4,4-bis-(2-
ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)] (PCPD-TBT). 

Electronic States of Semiconducting Polymers 

The backbone of a conjugated polymer is a long chain of alternating single and 

double bonds where sp2 orbitals form  bonds leaving pz orbitals perpendicular to the 

sp2
 
plane. The interaction of these overlapping pz orbitals form a manifold of -bonding 
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and -antibonding delocalized orbitals that can be viewed as valence band (VB) and 

conduction band (CB) in solid state. Conventionally, the highest occupied molecular 

orbital (HOMO) is the top of the valence band, the lowest unoccupied molecular orbital 

(LUMO) is the bottom of the conduction band, and the energy difference between 

HOMO and LUMO is called band gap (Eg). The value of Eg characterizes if a material is 

a conductor, semiconductor, or insulator, as shown in Figure 1-2A. As the number of 

repeating units increases Eg becomes smaller. It eventually becomes a constant value 

despite further increase of chain length due to Peierl’s distortion, which limits the 

number of repeating units that can form an effective conjugated system. This process is 

illustrated in Figure 1-2B. 

 
Figure 1-2.  Eg of conductor, semiconductor, and semiconductor. A) Conductor, 

semiconductor, and insulator. B) The revolution of CB and VB in conjugated 
polymer as the number of repeating unit increases. Adapted from Nathan C. 
Heston Ph.D. Dissertation, University of Florida 2009. 

Energy Transfer and Charge Transfer 

There are two processes that could happen between a molecule in excited state 

and an adjacent molecule in ground state: energy transfer and charge transfer. For 

each process, the molecule that donates energy or electron is called a donor (D) while 

the molecule that accepts energy or electron is called an acceptor (A).  
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Energy transfer occurs through either a radiative or non-radiative process. In the 

radiative process, three steps are involved. First, a ground state molecule (D) is excited 

and turns into D*. Then D* decays by emitting a photon, which is reabsorbed by another 

ground state molecule (A), turning A into A*. The efficiency of this process depends on 

the quantum yield of D*, the spectral overlap integral of the emission of D* and 

absorption of A, the concentration of A, and its molar extinction coefficient. In the non-

radiative process, there are only two steps: photoexcitation of D and direct energy 

transfer from D* to A. Two mechanisms are possible for the direct energy transfer: 

Förster and Dexter energy transfer. Förster energy transfer happens via electronic 

coupling between the dipole moments of D* and A, and it can occur over a long 

distance (30-100 Å). Dexter energy transfer happens via direct electrons exchange 

between D* and A because of orbital overlap and the transfer is efficient only when D* 

and A are in close proximity (5-10 Å). Both mechanisms are illustrated in Figure 1-3. 

 
Figure 1-3.  Schematic representation of the mechanism of energy transfer. A) Föster 

energy transfer and B) Dexter energy transfer. 
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Charge transfer involves D* transferring an electron to A, and as a result, D* is 

oxidized to D+ and A is reduced to A-. According to Marcus theory, to achieve a high 

rate of electron transfer, electronic coupling between D* and A needs to be maximized 

and reorganization energy should be minimized. The electronic coupling is influenced 

by the relative positions of D* and - co-facial configuration usually leads to the most 

efficient electronic coupling.7 The reorganization energy is related to the energy 

variation associated with changes in the geometry of D* and A, respectively, during the 

process. The charge transfer process is illustrated in Figure 1-4. 

 
Figure 1-4.  Schematic representation of the mechanism of charge transfer. 

Charge Transport 

In polymer films, charge transport replies on the overlap of frontier  molecular 

orbitals of repeating units on the same polymer chain or different polymer chains, and it 

happens through a mechanism where the charges “hop” from one conjugated unit to 

another, either on the same polymer chain (intrachain) or across polymer chains 

(interchain). Intrachain transport is significantly faster than interchain transport, resulting 

in much higher charge carrier mobility along the direction of polymer chain.8 Normally, a 

polymer film demonstrates higher charge carrier mobility when it has a higher degree of 

crystallinity, which can be explained by the following three points. First, the electronic 

coupling between conjugated units in the crystalline regions is more efficient than that of 
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the amorphous regions, which results in enhanced charge carrier mobility.7 Secondly, a 

more crystalline material has more energetically similar states, the reduction of shallow 

energy traps on VB or CB facilitates charge transport.9 Thirdly, from the viewpoint of 

solid state physics, charge carrier mobility is affected by the number of scattering sites. 

A higher degree of crystallinity reduces the number of scattering sites, thus leading to 

higher charge carrier mobility. 

Polymer films are generally amorphous, though some can be semi-crystalline. 

Increasing the degree of crystallinity of polymer films is a key strategy to achieve a 

higher charge carrier mobility. 

Inorganic vs. Organic Semiconductors 

Research on semiconductors started with inorganic materials, which have 

provided a platform for later studies of organic semiconductors. Though similar in some 

aspects of their material properties, inorganic and organic semiconductors have many 

differences. Here, a comparison between the two is provided in the context of solar cell 

applications. 

All traditional semiconductor materials used in solar cells are inorganic and the 

efficiency of state-of-art inorganic solar cells is approaching the theoretical Shockley-

Queisser Efficiency Limit.10 In order to function, inorganic semiconductors need to be 

highly ordered, which requires ultra-high material purity and consequently leads to high 

fabrication cost. On the other hand, organic semiconductors, e.g., polymers, can be 

processed from solution by spin-coating, doctor blading, or roll-to-roll printing.11 All of 

these fabrication techniques are far more economical than epitaxial growth of inorganic 

crystals. 
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To solar cells, efficient light absorption is a key factor for electricity generation. 

Organic materials are superior in light absorption than most inorganic materials due to 

the nature of their energy gaps. Organic semiconductors have direct energy gaps, while 

all silicon-based semiconductors have indirect band gaps. Materials with direct band 

gap typically exhibit larger extinction coefficients than materials with indirect band gaps. 

Therefore, to adequately absorb photons, a solar cell based on crystalline silicon 

normally requires an active layer of 100 m in thickness,
 
while a solar cell based on 

conjugated polymers only requires an active layer of 100 nm in thickness.12 Because of 

the need for a thick active layer and the intrinsic properties of inorganic materials in 

general, inorganic solar cells are normally heavy and brittle, whereas organic solar cells 

are lightweight and flexible. Admittedly, there are also inorganic materials that have 

direct band gap, e.g., GaAs, eliminating the need for a thick active layer and making 

lightweight and flexible devices possible.  

During photocurrent generation in semiconductors, the generation of excitons 

follows light absorption. An exciton is a Coulombically bound electron-hole pair, which 

can be viewed as a neutral particle that diffuses through the bulk of the solid. The 

dielectric constant of a material significantly influences the nature of the excitons 

generated within. Inorganic materials have higher dielectric constants r than organic 

materials. For example, the r of crystalline silicon is around 12 and the r of conjugated 

polymers is around 4.13 This difference results in different types of excitons in inorganic 

and organic materials. In inorganic materials, Wannier excitons are generated. The 

weak binding energy (~10 meV) within Wannier excitons leads to an average radius 

around 100 Å. In organic materials, Frenkel excitons are generated. The strong binding 
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energy (~500 meV) within Frenkel excitons leads to an average radius of 10 Å.14 The 

difference in binding energies between Wannier excitons and Frenkel excitons is 

manifested in the fact that Wannier excitons can dissociate at room temperature while 

Frenkel excitons cannot. The extra energy needed to break Frenkel excitons in organic 

semiconductors is denoted EB, which is also the difference between the fundamental 

energy gap (Efund) and the optical energy gap (Eopt) of the organic materials.15 The Efund 

is defined as the difference between the absolute values of ionization potential (IP) and 

electron affinity (EA), while Eopt is defined as the energy of a photon that can excite a 

molecule from the ground state (S0) to its first excited state (S1). Though being 

molecular states, S0 and S1 are usually associated with HOMO and LUMO, respectively, 

which are electronic states. Also, due to the existence of EB, LUMO is not the edge of 

the CB in organic semiconductors, though it is usually referred to as so. The two 

analogies described above are not entirely accurate; however, they are commonly 

employed to simplify these complex concepts. Figure 1-5 provides energy diagrams to 

illustrate molecular (S0 and S1) and electronic states (HOMO and LUMO) of an organic 

semiconductor. 

 
Figure 1-5.  Energy diagrams of molecular and electronic states of an organic 

semiconductor. 
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Lastly, while charge transport in inorganic materials can be understood using 

band transport model, charge transport in organic materials primarily happens through 

“hopping” as previously explained. Because of the disorders that exist in organic 

materials, shallow energy traps and scattering sites are common, which affects charge 

transport. Inorganic semiconductors are typically highly ordered, their three-dimensional 

and rigid lattice helps to form wide valence and conduction bands and large charge-

carrier mobilities. As a result, they have more much efficient charge transport than 

organic semiconductors. 

Polymer Solar Cells 

The research of organic solar cell (OSC), especially PSC, has attracted a great 

deal of attention in the past few decades. Generally speaking, OSCs can be defined as 

solar cells that utilize organic materials as the light absorber. There are two broad 

categories of OSCs. One is dye sensitized solar cell (DSSC), which uses inorganic 

nano-particles, e.g., TiO2, as a scaffold where organic dyes are covalently attached and 

the scaffold is fully emerged in electrolyte solution. Exciton dissociation happens at the 

interface between the organic dyes and inorganic nanoparticles.16 Lately, a new type of 

DSSC called perovskite solar cell has seen a significant breakthrough with efficiency 

exceeding 20%.17 In perovskite solar cells, dyes are usually organic-inorganic hybrid 

compounds, such as CH3NH3PbI3, that have the crystal structure of calcium titanate, 

and the electrolyte solution is replaced by solid state materials.18 Strictly speaking, 

DSSCs are not purely organic and are therefore commonly referred to as hybrid solar 

cells. The other category of OSC is purely organic in the sense that exciton dissociation 

happens at the interface between two organic materials. The fact that the entire active 

layer is made of organic materials makes utilizing inexpensive solution processing 
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fabrication technique possible. Thus, the term OSC is commonly used to describe the 

purely organic category, whereas hybrid solar cell is used to describe the other. 

The first efficient OSC device was reported by Tang in 1986,19 where he used 

copper phthalocyanine (CuPC) as the electron donor (D) and a perylene tetracarboxylic 

acid derivative as the electron acceptor (A). ITO and Ag were used as the anode and 

the cathode, respectively. Tang pioneered the development of a bilayer D-A 

heterojunction device morphology, which resulted in a power conversion efficiency 

(PCE) around 1%. This was groundbreaking because, prior to this study, a typical 

device structure of OSC is a single organic layer sandwiched between two electrodes 

with different work functions, which yields no practical PCE. Another major 

breakthrough in OSC research was the adoption of [6,6]-phenyl-C61-butyric acid methyl 

ester (PC61BM) as an A material in 1993.20 Because of their strong electronegativity and 

high electron mobility, PC61BM and its derivatives have become a model type of A 

materials in OSC devices.21 Later on, another fullerene derivative [6,6]-phenyl-C71-

butyric acid methyl ester (PC71BM) was introduced as an A material superior than 

PC61BM due to its broader optical absorption range.22 Further improvement was aided 

by the application of a bulk heterojunction (BHJ) device morphology reported in 1995, in 

which a PCE above 2% was achieved.23 PCE of the state-of-the-art OSC has already 

exceeded the critical threshold of 10%,24 and through various innovations and 

optimizations, improvements are constantly reported. 

While both conjugated small molecule and polymer can be used as the light 

absorber in OSC,14 this study will focus on the application of polymer in PSCs. 
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Device Operating Principle 

From the viewpoint of solid state physics, during the photocurrent generation in a 

PSC device, six major processes are involved as shown in Figure 1-6.25 It starts with the 

absorption of a photon by either the D or A, which generates an exciton, i.e., an 

electron-hole pair that can be viewed as a neutral particle. The following will focus on 

the scenario where the exciton is generated in D phase, though similar processes can 

also occur when the exciton is generated in A.  

Due to the nature of Frenkel exciton as previously discussed, thermal energy at 

room temperature is not enough to dissociate it. Therefore, the exciton either goes 

through recombination or diffuse to a D-A interface where it will be turned into a charge 

transfer exciton, a process initiated by the thermodynamic driving force arising from the 

energy offset between the LUMOs of D and A. During charge transfer, electron is 

transferred to A and the hole remains in D. Thus, charge transfer excitons, also known 

as geminate pairs, are more loosely bound than regular Frenkel excitons. Next, charge 

transfer exciton is separated into positive and negative polarons. In organic materials, 

charges disturb local electrical and geometric structure, which causes electron-lattice 

coupling. The term polaron describes the quasi-particle state of charge-lattice coupling. 

If not separated, charge transfer exciton will go through geminate pair recombination. 

Because of the intrinsic electric field that originates from the work function difference 

between the two electrodes, positive and negative polarons are transported to cathodes 

and anodes, respectively, where they become free charges and form electrical current. 

Polarons may also go through bimolecular recombination before they turn into free 

charges.  
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Figure 1-6.  Illustration of the six major processes involved in the generation of 

photocurrent in PSC devices. A) Photon absorption and exciton generation, 
B) exciton diffusion, C) charge transfer or exciton dissociation, D) charge 
separation and E) charge transport, F) and charge collection. The part of the 
device that is comprised of D and A phases, and sandwiched between 
electrodes is called the active layer. Adapted from Kenneth R. Graham Ph.D. 
Dissertation, University of Florida 2011. 

The efficiency of each of the six processes affects the overall PCE and the three 

recombination processes are the major loss mechanisms that limit PCE. A good 

understanding of these processes can help the creation of material design guidelines 

based on structure-property relationships. Among the six processes involved in 

photocurrent generation, there are four that depend on the electronic properties of the 

materials. They are: photon absorption, charge transfer, charge separation, and charge 

collection. On the other hand, exciton diffusion and charge transport are linked to the 

morphological properties of the materials. Because the structures of organic materials 

influence both their electronic and morphological properties in solid state, a structural 

feature that is beneficial to one process may be detrimental to the other. Therefore, it is 

challenging to design structures that guarantee high PCE, but researchers are still trying 

to form some general guidelines through trial and error.  
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To maximize photon absorption from sunlight, the energy difference between S0 

and S1 for D, which is related to energy bandgap, should be minimized. Maintaining a 

high degree of orbital overlap is also necessary because it increases the oscillator 

strength and consequently increases the extinction coefficient. The photon absorption of 

A should be complimentary to that of D to cover a wider range of solar radiation 

spectrum. In early studies, light absorption relied on conjugated polymers and PC61BM 

blend that only have absorption between 350 nm and 650 nm, with little contribution 

from PC61BM.26 This absorption range matches poorly with the solar radiation spectrum 

shown in Figure 1-7. Many strategies have been developed to solve this issue, including 

decreasing the energy bandgap of the polymer D by incorporating electron-poor and 

electron-rich components into the backbone,27 synthesizing fullerene derivatives with 

lower energy bandgap by changing their symmetry,28 and using non-fullerene A 

materials.29
 

 
Figure 1-7.  Spectrum of solar radiation and different air mass (AM) conditions. A) 

shows the spectrum of solar radiation. In B), AM0 represents the spectrum 
seen outside the atmosphere of the earth. AM1.5 represents the spectrum 
seen after sunlight passes through 1.5 atmospheres. Adapted from Nathan C. 
Heston Ph.D. Dissertation, University of Florida 2009. 
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However, when lowering the energy bandgap of D, its LUMO usually decreases 

and HOMO usually increases. At D-A interface, excitons in D phase require a driving 

force to dissociate and turn into charge transfer excitons. This driving force is provided 

by the energy offset between the LUMOs of D and A and is estimated to be at least 0.3 

eV to be able to facilitate efficient exciton dissociation.30 Furthermore, an energy offset 

larger than this minimum value is not beneficial either because it results in wasted 

energy. Ideally, to maximize light absorption in D while maintaining enough energy 

offset between the LUMOs of D and A in a system where PC61BM (LUMO = 4.2 eV) is 

used as A, the LUMO of D should be at 3.9 eV. The open circuit voltage (VOC) is 

determined by the energy difference between the HOMO of D and the LUMO of A.31 

Therefore, increasing the HOMO of D to lower its energy bandgap will sacrifice VOC of 

the device. A balance can be achieved between the two competing factors through a 

detailed analysis and can lead to a theoretical optimal value of energy bandgap of 1.5 

eV for D.32 If PC61BM is chosen to be A, the HOMO of D should be at 5.4 eV to keep its 

LUMO at 3.9 eV while adopting an energy bandgap of 1.5 eV.  

After excitons are generated through light absorption, they need to diffuse to a D-

A interface to dissociate. Commonly, singlet excitons diffusion carries out via Förster 

energy transfer mechanism while triplet exciton diffusion carries out via Dexter energy 

transfer mechanism.33 As discussed previously, Förster energy transfer relies on long-

range electronic coupling between two dipole moments, while Dexter energy transfer 

relies on short-range electron exchange through orbital overlap. Thus, singlet excitons 

diffuse faster than triplet excitons, but also decay faster due to shorter lifetime. Most 

excitons in organic materials are singlet excitons and singlet exciton diffusion length in 
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most organic materials is around 10 nm before exciton recombination takes place. To 

increase the chance for an exciton to reach a D-A interface, exciton diffusion length 

needs to be maximized. Two main strategies include increasing either the diffusion 

coefficient or the lifetime of the exciton, because exciton diffusion length is determined 

by its diffusion coefficient and lifetime as shown in equation 1-1. To achieve a greater 

diffusion coefficient, highly crystalline materials with limited defects are desirable. To 

achieve a longer lifetime, the use of a heavy metal containing polymer was studied.34 

Because of the spin-orbital coupling effect of heavy atoms, short-lived singlet excitons 

can be converted to the long-lived triplet excitons through intersystem crossing of 

excited molecules. Though important, the improvement of exciton diffusion length has 

not been a focus in the field of PSC research due to a lack of understanding of the 

fundamental physics of this process. 

𝐿 = √𝐷𝜏                                                                (1-1) 

Once the exciton reaches the D-A interface, due to the energy offset between 

LUMOs of D and A, the electron and the hole within the exciton are dissociated and the 

electron enters the D phase while the hole remains in the A phase. Then the regular 

Frenkel exciton becomes a charge transfer exciton, also known as a geminate pair, 

which is an intermediate between Wannier excitons and Frenkel excitons. On the 

molecular level, the charge transfer process involves a manifold charge transfer states. 

Charge transfer is an ultrafast process (fs), which is much faster compared to 

fluorescence (ns) and back-transfer (s).35 Therefore, charge transfer is highly efficient 

and the D-A interface. The charge transfer exciton then must be dissociated into 

polarons and this charge separation process involves a manifold of charge separated 
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states. Though the exact mechanism of the transition from a charge transfer state to a 

charge separated state is still not well understood, many proposed models indicate a 

manifold of “hot” charge transfer states aided by the excess thermal energy of the 

electron immediately after charge transfer.36–38 Figure 1-8 illustrates a possible model 

for charge transfer and charge separation processes at the D-A interface.  

 
Figure 1-8.  Illustration of charge transfer and charge separation processes at the D-A 

interface. 

Photoexcitation promotes the D to S1 from S0, leading to the formation of an 

exciton. The excited D* then goes to a “hot” charge transfer (CT) state CT* on the D-A 

interface and once at this CT* state, it has two pathways depending on two competing 

rates kCS* and kIC.  

If kCS* is smaller than kIC, D* relaxes through the CT manifold to the lowest 

electronic and vibrational state CT1 through internal conversion (IC). In this scenario, 

the hole is on the HOMO of D* and the electron on the LUMO of a neighboring A, but 

they are still strongly bound. This electron and hole pair is sometimes called an 

exciplex. Once at CT1 the excited D* is likely to go back to S0 through geminate pair 

recombination (RC). Previous studies indicated that generation of polarons was only 
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possible when the excited electrons are at higher energy and more delocalized “hot” CT 

states are present rather than “relaxed” CT states. However, later work suggested that 

all CT states are at thermal equilibrium and that no excess thermal energy is required 

for charge separation. Rather, the presence of dipoles at the D-A interface or phonons 

could eventually help the exciplexes to seperate.39  

If kCS* is larger than kIC, then D* goes to a “hot” charge separated (CS*) state and 

evolve through a manifold of CS states via an ultrafast process.33 The “hot” CS* are 

more delocalized, thus the electron and hole become more distant and easier to be 

separated.14 The energy of the final CS state is related to the ionization potential of D 

plus the electron affinity of A, which is approximately the energy difference between the 

HOMO of D and the LUMO of A. As discussed above, this value is closely related to 

VOC of the device. After charge separation, the charge transfer excitons turn into 

positive and negative polarons.  

Charge transport then carries out through a site-to-site “hopping” mechanism due 

to the disorders that exist in organic materials, shallow energy traps, and scattering 

sites. Though completely separated from each other, these two polarons may still go 

through bimolecular recombination during the charge transport process and D+• will be 

reduced to D.25 Therefore it is necessary that polarons can travel long distances and 

reach to the electrodes to be collected. The distance a polaron can travel is a product of 

its mobility , its lifetime , and the intrinsic electric field E, as shown in equation 1-2.  

𝑑 =  ∙  ∙ E                                                      (1-2) 

The intrinsic electric field E is driving force of charge transport and it originates 

from the difference in work function between the two electrodes. The mobility of 
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polarons strongly depends upon the degree of crystallinity of the material and there is a 

contrast of several orders of magnitude when comparing highly disordered amorphous 

films (10-6-10-3 cm2/V∙s) with highly ordered films (>1 cm2/V∙s). In Figure 1-9, the four 

processes involved in the photocurrent generation in a PSC are shown in the form of 

photochemical reaction equations. 

 
Figure 1-9.  Four processes involved in the generation of photocurrent. A) 

Photoexcitation of D and the generation of an exciton, B) exciton diffusion and 
formation of an encounter pair, C) charge transfer and the formation of a 
geminate pair, and D) charge separation and the formation of a polaron pair. 

Eventually, positive and negative polarons are collected at the anode and 

cathode, respectively. Efficient charge collection with limited recombination at the 

interface relies on the Ohmic contacts formed between active layer and electrodes.40 To 

ensure the formation of such Ohmic contacts, there needs to be appropriate energy 

differences between the work function of the electrodes and the HOMO of D, and 

between the work function of the electrodes and the LUMO of A. The application of 

interfacial layers comprised of metals, metal oxides, or polymers can significantly 

improve the efficiency of this process.41 Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS) is commonly used as an interfacial layer on the 

cathode, also known as hole transporting layer. It lowers the work function of the 

cathode by creating a Ohmic contact. It also increases the wettability of the substrate for 
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active layer deposition, which prevents incomplete substrate coverage.35 In many 

cases, a thin lithium fluoride (LiF) or calcium layer was used as an interfacial layer on 

cathode, also known as electron transporting layer. LiF was reported to enhance the 

PCE by around 20% for some PCSs.42 The exact mechanism of this effect is still under 

debate.43,44 

Efficiency Characterization 

The electrical power a solar cell generates is the product of its photovoltage and 

photocurrent. The highest attainable photovoltage is VOC, which is the voltage under 

open circuit condition. In a PSC, Voc is determined by the energy difference between the 

HOMO of D and the LUMO of A, as discussed previously. Photocurrent, on the other 

hand, depends on the number of electrons and holes collected by electrodes. The 

highest attainable photocurrent is represented by Jsc, which is the current density under 

short circuit condition. Between Jsc and Voc, any point on the current density-voltage (J-

V) curve correspond to a set of J-V values, whose product is the attainable power at 

that point. Therefore, the highest attainable power (Pmax) occurs at the point where the 

product of J and V is at maximum. The product of Jsc and Voc represent the theoretical 

maximum power (Pth max) and the percentage ratio between Pmax and Pth max is called fill 

factor (FF). FF is related to the resistance of the device.45 A typical J-V curve as 

mentioned above is shown in Figure 1-10. PCE is the percentage of the maximum 

power output (Pout) of the device relative to the incident power input (Pin). While all J and 

V values are measured, FF and PCE can be calculated from equation 1-3 and 1-4.  

𝐹𝐹 = (
𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐽𝑠𝑐𝑉𝑜𝑐
) × 100%                                             (1-3) 

𝑃𝐶𝐸 = (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
) × 100% = (

𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝑃𝑖𝑛
) × 100% = (

𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
) × 100%                 (1-4) 
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PCE represents the overall efficiency of the device under illumination, whereas 

incident photon to current efficiency (IPCE) represent the efficiency at a certain 

illumination wavelength. It is essentially the percentage ratio between the number of 

electron generated and the number of incident photons. IPCE is also referred to as the 

external quantum efficiency (EQE) and can be calculated according to equation 1-5, 

where h is Plank’s constant, c is the speed of light, I is current, e is the charge of an 

electron, λ is wavelength, and P is the power of the incident light. A set of IPCE values 

across the absorption range can also be used to estimate the Jsc of the same device. 

𝐼𝑃𝐶𝐸 =
#𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠𝑜𝑢𝑡

#𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑖𝑛
× 100% =

ℎ𝑐𝐼

𝑒𝜆𝑃
× 100%                                   (1-5) 

 
Figure 1-10.  A typical J-V curve of a PSC device under illumination and dark 

conditions. Adapted from Kenneth R. Graham Ph.D. Dissertation, University 
of Florida 2011. 

Charge Carrier Mobility Characterization 

Space-charge limited-current (SCLC) modeling is a useful tool to measure 

charge carrier mobility. A SCLC device is different from an organic field effect transistor 

(OFET) because SCLC reveals charge carrier mobility in the vertical direction 

(perpendicular to substrate), whereas OFET reveals charge carrier mobility in the 

horizontal direction (parallel to substrate). Since in PSC devices, charge carriers travel 
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in the vertical direction, SCLC is a better method to measure charge carrier mobility in 

PSC devices. To extract hole or electron mobility, it requires the device to collect only 

one type of charge with minimal energy barrier (Ohmic contact). This is achieved by 

using two electrodes, both of which have high work function (to extract holes) or two low 

work function (to extract electrons).  

A SCLC device operates at a high voltage bias, because in semiconductors the 

density of charge carriers is high enough to form of a space-charge region in the device 

at a high voltage bias, which influences the internal electric field and consequently limits 

the current. While the current follows Ohm’s law at a low voltage bias, it follows Child’s 

law at a high voltage bias. Child’s law is described in equation 1-6, where r is the 

relative permittivity of the material, 0 is the permittivity of free space,  is charge carrier 

mobility, V is effective voltage (applied voltage minus built-in voltage), and L is film 

thickness.  

𝐽 =
9

8
𝜀𝑟𝜀0𝜇

𝑉2

𝐿3
                                                      (1-6) 

However, child’s law only applies to trap-free conditions. In disordered organic 

materials, shallow traps are common and current density are field-dependent, which 

means a strong electric field will lower the trap barrier height (known as the Poole-

Frenkel effect). In this case, Mott-Gurney law applies better because it takes into 

account the field-dependence of current density. Mott-Gurney law is described in 

equation 1-7 and 1-8, where 0 is zero-field mobility,  is field dependence parameter, 

and E is the internal electric field. 

𝜇 = 𝜇0exp(𝛾√𝐸)                                                (1-7) 

𝐽 =
9

8
𝜀𝑟𝜀0𝜇0exp(0.891𝛾√𝐸)

𝑉2

𝐿3
                                     (1-8) 
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Bulk-Heterojunction 

The short singlet exciton diffusion lengths (5-10 nm) in disordered polymer 

semiconductors is one of the disadvantages of PSC. After light absorption, excitons 

generated further than 10 nm away from the D-A interface will recombine through either 

radiative or non-radiative pathways and will not contribute to photocurrent generation. In 

a device with bilayer morphology, to ensure that most of excitons reach the D-A 

interface, each layer must be thinner than 10 nm, which can only absorb less than 30% 

of the incident light.46 The advent of BHJ device morphology has sufficiently solved this 

problem.23 

The BHJ concept proposes a network of D and A domains that is interconnected 

and interdigitated in the active layer of the PSC devices. The ideal and actual BHJ 

morphology are illustrated in Figure 1-11. The interdigitated part of each domain results 

in small domain sizes with lateral dimension on the order of 10 nm, which ensures that 

the excitons generated anywhere in the active layer has a good chance to diffuse to a 

D-A interface before recombination. The interconnected part of each domain results in 

pathways for effective charge transport to electrodes. Ideally, the BHJ morphology has 

a layer of pure A contacting cathode and a layer of pure D contacting anode, between 

which there is a segregated domain of D and A columns alternatively stacked and 

vertically oriented. The pure D and A layers next to their respective electrodes help 

reduce bimolecular recombination before charge collection.  

In actuality, this type of BHJ morphology is impossible to obtain in a PSC device 

fabricated by solution processing. Instead, more randomly distributed D and A domains 

with various shapes and sizes are obtained. In this morphology, several problems affect 

the photocurrent generation, including isolated D and A domains where there is no 
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pathway for charge transport, long and winding pathways for charge transport, and 

large domains with lateral dimension larger than 20 nm. Though not ideal, the actual 

BHJ morphology still improved the performance of PSC devices significantly compared 

to bilayer morphology.47 

 
Figure 1-11.  An illustration of PSC devices with BHJ morphology in the active layer. A) 

Ideal situation and B) actual situation, where the orange domain represents D 
and the blue domain represents A. 

Morphology Optimization 

In a PSC device, especially a BHJ PSC device, the morphology of the active 

layer is crucial to photocurrent generation. For BHJ PSCs, the morphology of the active 

layer has two aspects: the intermixing of D and A phases, and the ordering of polymer 

chains or molecules in each phase. The intermixing of D and A phases affects the size 

of the D-A interface, the size of the D and A domain, and the charge carrier pathway in 

the D and A domain. The ordering of polymer chains and molecules in each phase 

affects the degree of crystallinity of each phase, which is vital to the efficiency of exciton 

diffusion and charge transport. Figure 1-12 is an illustration of morphology of an active 

layer film consisting of D-A blend from the scale of molecular packing to phase 

segregation.  
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Figure1-12.  Morphology of an active layer film consisting of D-A blend. The scale 

ranges from molecular packing to phase segregation. Within each schematic, 
the square denotes the enlarged region preceding it. Reprinted with 
permission.48 Copyright 2012 American Chemical Society. 

There are two main approaches to control the morphology of the active layer: 

chemical structure design and processing method optimization. As previously 

discussed, one of the greatest advantages of polymer semiconductors is the nearly 

unlimited accessible structures through organic synthesis. Structure not only determines 

the chemical properties of conjugated polymers, but also influences their morphology in 

solid state. There are a vast number of studies that have demonstrated the 

improvement of the morphology of active layer by altering the structures of polymer 

backbone and sidechains.49–51 Methods such as using block copolymers that consist of 

both D and A segments to form the active layer was also reported to be beneficial.52–54 

Moreover, properties such as molecular weight, polydispersity, and regioregularity can 

also impact how polymers behave during film formation.26 However, these strategies are 

all related to organic synthesis, which is the not the focus of this study. Instead, the 

following will summarize strategies related to processing method optimization. 
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One strategy to optimize morphology of the active layer it to optimize the weight 

ratio between D and A. The concentration of A should be high enough to ensure proper 

phase segregation, as well as viable pathways for electron transport. The optimal ratio 

between D and A vary from system to system depending on the miscibility of D and A 

within the system.30 For MDMO-PPV:PC61BM blend, a ratio of 1:4 resulted in the best 

morphology.55 However, for P3HT:PC61BM blend, the optimal ratio is 1:1.56 For any 

system, the best ratio between the D and A should reflect a balance between efficient 

exciton dissociation and efficient charge transport. 

Another strategy to optimize morphology of the active layer is the use of an 

optimal casting solvent. Normally, the active layers of PSCs are made by spin-coating, 

where the films dry instantaneously and form a metastable intermixing of D and A 

because phase segregation of D and A is thermodynamically favored. The optimal 

casting solvent should dissolve all solutes well and result in a phase segregated 

morphology with domain size of D and A on the scale of tens of nanometers. When 

toluene and chlorobenzene were both used as casting solvents for BHJ PSCs based on 

the MDMO-PPV:PC61BM blend, chlorobenzene resulted in smaller D and A domains, 

and consequently better device performance.47 Another study also explored the 

difference between using chlorobenzene and dichlorobenzene as the casting solvents 

for BHJ PSCs based on the PTB7:PC61BM blend.57 It was demonstrated that 

dichlorobenzene is a better casting solvent in this case, which resulted in a PCE 50% 

higher than that of chlorobenzene. Both studies attributed the difference observed in 

device performance using different casting solvents to the difference among their 

evaporation speed during spin-coating, which influences how the polymers behave 
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while forming the film of the active layer. The use of mixed solvents for film casting was 

also report to beneficial in some cases.58 

The application of post-casting annealing is another strategy.56 Thermal 

annealing of the active layer promotes the same species to diffuse towards each other. 

Thus, it results in a more segregated phase that contains larger and purer D and A 

domains. If annealing temperature is above the glass transition temperature of the 

polymer, the molecules in the polymer domain will reorganize and pack in a more 

ordered pattern and consequently improves the crystallinity of each domain.59 The 

formation of these larger, purer, and more ordered domains helps to improve charge 

transport pathways and increase charge carrier mobility. Therefore, thermal annealing 

can improve the performance of PSCs in many cases. The optimum thermal annealing 

temperature is usually below 200°C, as a higher temperature may lead to a phase 

segregation scale that is too large and polymers may start to melt or degrade under 

such a high temperature. Solvent vapor annealing was also reported to improve the 

morphology of the active layer.60 During solvent vapor annealing the active layer film is 

exposed to a solvent vapor, which allows the film to develop more segregated phase, 

leading to more ordered domains. This happens because the presence of solvent vapor 

increases the degree of freedom of molecules to self-organize in the film and prolongs 

the drying process. In this respective, solvent annealing is similar to thermal annealing. 

It should be noted that annealing does not improve the performance of PSCs where the 

active layer already has a large-scale phase segregation after film casting. 

The addition of a small quantity of a high boiling point solvent in the casting 

solution was also reported to improve the morphology of the active layer.61 This high 
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boiling point solvent is called a solvent additive. It affects the morphology of the active 

layer because it remains in the film after the processing solvent evaporates, which 

results in a longer drying time and more degrees of freedom for molecule to aggregate 

and self-organize. This is similar to the mechanism of thermal and solvent vapor 

annealing. Another possible mechanism is that the solvent additives selectively 

solubilize fullerene derivatives, which leads to the aggregation and crystallization of 

polymers. Concentration of the solvent additive ranges from 0.25% to 8% (by volume) in 

the casting solution.62 1,8-Diiodoctane is the most commonly used solvent additive and 

can be used in combination with chlorobenzene as a casting solvent. This combination 

was used in BHJ PSCs based on the P3HT:PC61BM and PCPD-TBT:PC61BM blends 

and successfully resulted in 100% increase in PCE.63,64 

There is another type of additives that are solid, and unlike solvent additives, 

they stay in the active layer after film casting as the third component in addition to D and 

A. This type of additive is called active layer additives. Efficient active layer additives 

reported include metals, carbon nanotubes, small molecules, and polymers. Adding 

small quantities of Ag, Pt, and Au nanoparticles to the active layer led to higher Jsc and 

PCE due to the increased electrical conductivity.65–67 However, if the large-scale 

agglomeration of nanoparticles occurs, it will disturb the organization of the polymer and 

lead to decreased charge carrier mobility. Carbon nanotubes were also widely studied 

as active layer additives. When 1% (by weight) of carbon nanotubes was incorporated 

in P3HT:PCBM blend, an improvement in photocurrent generation was observed.68 

Small molecules such as the porphyrin Cu(CN)4P, 9,10-diphenylanthracene, and 

coumarin 6 dye were reported as effective active layer additives. But they mainly act as 
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photosensitizers that absorb light outside the spectral range of usual D-A blend, and 

there is no established understanding on how these small molecules influence the 

morphology of the active layer.69,70 Block copolymers that consist of both D and A 

segments can be used as compatibilizers between D and A phases. They not only 

modify morphology of the active layer, but also stabilize it against heat-induced phase 

segregation. Adding 17% (by weight) of block copolymer to the active layer of 

P3HT:PCBM blend prevented macroscopic phase segregation even after annealing at 

140 °C for 10 h.71 A block copolymer P3HT-b-C60 was added to P3HT:PCBM blends, 

and it enhanced the degree of crystallinity of P3HT in the active layer, leading to 

improved charge transport.72 

Morphology Characterization 

The active layer of a PSC device is 100-200 nm in thickness and comprises D 

and A phases. The morphology characterization of the active layer mainly focuses on 

two aspects of the film: the surface and the bulk. Typically, surface morphology 

characterization yields information on the roughness and the intermixing of D and A 

phases, whereas bulk morphology characterization yields information on both the 

intermixing of D and A phases and the ordering of polymer chains and molecules in 

each phase.73 

Scanning electron microscopy (SEM) is a common and powerful technique used 

for surface characterization.73,74 Both backscattered electrons and secondary electrons 

produced by the interaction of incident electrons with the sample surface can be 

collected to generate topographical images. SEM has a resolution around 1 nm. When 

coupled with energy-dispersive x-ray spectroscopy (EDS), SEM can also collect 

characteristic x-rays to yield compositional information of the sample surface. Atomic 
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force microscopy (AFM) is another technique for surface characterization.73,74 It yields 

information on the topography and composition of the sample surface with 10 nm 

resolution, which is limited by the probe diameter. AFM can operate in contact mode or 

tapping mode. In contact mode, the probe always touches the sample with a constant 

force, whereas in the tapping mode, the probe periodically touches the sample with 

constant oscillation amplitude. For soft materials such as polymers, tapping mode is 

commonly used. Tapping mode generates height and phase images. Topography and 

roughness of the surface can be learned from the height image, and composition of the 

surface can be learned from the phase image. Both height and phase images reveal the 

phase segregation on the surface of the active layer in a PSC device. If any part of the 

surface is highly crystalline, SEM and AFM can also reveal the shape of crystallites. 

For bulk characterization, a commonly used technique is transmission electron 

microscopy (TEM).73,74 In TEM, an electron beam penetrates through a thin film, where 

electrons are absorbed, scattered, and diffracted. The elastically scattered electrons 

generate a two-dimensional image which reflect the morphology throughout the bulk of 

film. When used for imaging, TEM has a resolution smaller than 1 nm. Diffraction 

patterns can also be collected and it reveals the information on crystallinity of the film. 

When characterizing the phase segregation of the active layer in a PSC device, TEM 

and AFM are usually used to complement each other.  

X-ray diffraction (XRD) and grazing incidence wide angle scattering (GIWAXS) 

are another two bulk characterization techniques that are mainly used to reveal 

information on the ordering of polymer chains and molecules.48,75 They are commonly 

used to characterize the ordering of polymers in the active layer. Though having 
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different instrumentation setups, XRD and GIWAXS operate on the same principle: 

Bragg’s Law, which is shown by equation 1-9.  is the wavelength of the X-ray, d is an 

interplanar distance, and  is the scattering angle. Bragg diffraction happens when two 

identical X-ray beams are scattered off two different atoms within a crystalline film, and 

lower beam travels an extra distance of 2dsinθ. Under this condition, constructive 

interference between the two beams occurs when 2dsinθ is equal to an integer (n) 

multiple of the wavelength of the X-ray.  

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                     (1-9) 

In XRD, the intensities of scattered x-rays are plotted against 2, and each 2 

value correspond to an interplanar distance. The more crystalline the film is, more 

peaks with higher intensity and narrower widths are observed on a XRD diffractogram. 

On the other hand, in GIWAXS, the intensities of scattered x-rays are plotted against 

scattering vector q, and the relationship between d and q are shown in equation 1-10. In 

many ways, GIWAXS is superior to XRD due to its improved x-ray source and 

instrumentation setup.48  

𝑞 =
2𝜋

𝑑
                                                         (1-10) 

In a polymer film, polymers can adopt three backbone orientations relative to the 

substrate: edge-on, face-on, and end-on, which are shown in Figure 1-13. Edge-on and 

face-on are more commonly observed than end-on. In a traditional lamellar stacking 

model, there are three characteristic directions that correspond to three characteristic 

distances, which are also shown in Figure 1-13. Along the side-chain or lamellar 

direction is the distance between two neighboring polymers separated by their side 

chains, which is called lamellar distance. Along the - stacking direction is the distance 
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between two neighboring polymers whose  systems face each other, which is called -

 stacking distance. Along the conjugation direction is the distance between two 

repeating units on the same polymer backbone.  

 
Figure 1-13.  Possible backbone orientations of polymers in films. A) Edge-on 

orientation, B) face-on orientation, and C) end-on orientation. The three 

directions a, b, and c indicate the directions of side-chain or lamellar, - 
stacking, and conjugation, respectively, which are also illustrated in D). 
Reprinted with permission.49 Copyright 2015 Elsevier. 

In PSCs, processes such as exciton diffusion and charge transport, which heavily 

rely on electronic coupling of  orbitals, have different efficiencies along these three 

directions due to different exciton diffusion coefficients and charge carrier mobility. The 

intramolecular exciton diffusion and charge transport along the conjugation direction 

demonstrates the highest efficiencies. The second highest is the intermolecular exciton 

diffusion and charge transport along the - stacking direction. There is barely any 

pathway for exciton diffusion and charge transport along the lamellar direction because 

of the insulating nature of alkyl side chains. These side chains commonly seen on 

conjugated polymers are attached to the backbone for purposes such as increasing 

solubility or tuning the stacking pattern of polymers, not conductivity.76 Therefore, in a 

PSC device, face-on is more desirable than edge-on, because charge transport is along 

the direction that is vertical to the substrate. 
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A 2D GIWAXS image contains information of both polymer backbone orientation 

and characteristic distances. The lamellar distance and - stacking distance are the 

commonly observed characteristic distances. Figure 1-14 shows an illustration of the 

typical textures observed on 2D GIWAXS images, where the entire texture corresponds 

to a certain backbone orientation and each part of the texture (spots and arcs) 

corresponds to a certain characteristic distance (lamellar and - stacking).  

 
Figure 1-14.  Typical textures of 2D GIWAXS images. A) Edge-on, B) face-on, C) 

bimodal, which is a mixture of edge-on and face-one, and D) random. 
Reprinted with permission.49 Copyright 2015 Elsevier. 

The polymer phase in the active layer of a PSC device is usually semi-crystalline, 

consisting of both crystalline and amorphous regions. Therefore, on 2D GIWAXS 

images of crystalline polymer films, textures that correspond to both ordered and 

random orientation can be observed. Figure 1-15 shows schematics of three polymer 

films having different degrees of crystallinity and their corresponding 2D GIWAXS 

images. 

 
Figure 1-15.  Schematics of polymer films with different degrees of crystallinity and their 

corresponding 2D GIWAXS images. A) amorphous film, B) crystalline film, 
and C) highly crystalline film. Reprinted with permission.77 Copyright 2013 
Macmillan Publishers. 
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This Study 

The goal of this study is to explore effective active layer additives that help 

conjugated polymers to increase the degree of crystallinity in films and enhance the 

performance of PSCs using these polymers as D materials. Moreover, this study also 

aims to verify the nature of the interaction between such additives and polymers and 

summarizing general guidelines for designing new additive and polymer pair for PSC 

application. 

In Chapter 2, the interaction between trimeric perfluoro-o-phenylene mercury 

compound Hg3 and MEH-PPV is examined. MEH-PPV polymers aggregate in solution 

and in films when Hg3 is added. An increased degree of crystallinity of the polymer films 

is also observed in the presence of Hg3. Femtosecond transient absorption 

spectroscopy shows a charge transfer process between excited MEH-PPV and Hg3. 

When Hg3 is added in the active layer of PSCs based of MEH-PPV:PC61BM blend and 

device performance is enhanced. Hg3 also increases the hole mobility in MEH-

PPV:PC61BM blend films. 

In Chapter 3, the interaction between Hg3 and two series of 

phenyleneethynylene (PPE) polymers is examined. Hg3 has a strong interaction with 

the series containing the oxygen linker (P1-O8), but has a weak interaction with the 

series containing the carbon linker (P1-C8). Hg3 triggers P1-O8 to aggregate in solution 

and in films. An increased degree of crystallinity of the polymer films is also observed in 

the presence of Hg3. Femtosecond transient absorption spectroscopy shows a charge 

transfer process between an excited P1-O8 and Hg3 as well. These findings are similar 

to those observed in Chapter 2 between Hg3 and MEH-PPV. However, they are not 
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observed between Hg3 and P1-C8, where Hg3 molecules self-aggregate among P1-C8 

chains.  

In Chapter 4, the interaction between E-decafluorostilbene (E-DFS) and MEH-

PPV was examined. MEH-PPV chains aggregate in films when E-DFS is added and an 

increased degree of crystallinity of the polymer films is observed. Then E-DFS is added 

in the active layer of PSCs based of MEH-PPV:PC61BM blend and device performance 

is enhanced. Based on the results of examining the interactions between various 

conjugated polymers with Hg3 and E-DFS, respectively, as well as the results of 

quadrupole moment calculation of the repeating units of the polymers and the additives, 

a general guideline for predicting conditions under which such interaction would occur is 

summarized. 
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CHAPTER 2 
THE INTERACTION BETWEEN HG3 AND PPV DERIVATIVES AND ITS 

APPLICATION IN PPV-BASED POLYMER SOLAR CELLS 

Background 

Organic solar cells have been extensively researched as the next generation of 

affordable and clean energy source.46,78,79 Among numerous materials that were 

discovered to demonstrate photovoltaic property, conjugated polymers remain the most 

promising candidates due to their solution processability and thermal stability compared 

to others.30 In the effort of increasing the efficiency of the polymer solar cell (PSC), 

many methods have been designed to target the improvement of active layer 

morphology, which is one of the key factors that influence device performance, 

especially in a device with bulk heterojunction (BHJ) morphology.80 Some of the well-

known methods are side-chain modification, thermal annealing, and solvent additive.26 

One of the less commonly studied approaches is the method of blending a small 

amount of solid additive into the active layer. Chang et al. blended platinum 

nanoparticles (Pt NPs) into PSCs with an active layer of poly(3-hexylthiophene-2,5-diyl) 

(P3HT) and [6,6]-phenyl-c61-butyric acid methyl ester (PC61BM), and increased power 

conversion efficiency (PCE) by 55%.67 They attributed this enhanced efficiency to the 

increased carrier mobility of the active layer when the Pt NPs were present. Yu et al. 

used copper phthalocyanine (CuPc) in the same P3HT: PC61BM system, and they 

attributed the 19% PCE increase to broadened absorption range and improved charge 

separation and transport properties.81 

The Gabbai group has done extensive study on the supramolecular interactions 

between conjugated small molecules and trimeric perfluoro-ortho-phenylene mercury 

(Hg3).82–86 It has been shown that Hg3 and planar aromatic compounds such as 



 

51 

benzene, biphenyl, fluorene, naphthalene, and diphenylacetylene form compact 

alternating stacks in a sandwich-like configuration in solid state. Density functional 

theory (DFT) calculations suggest that these interactions are likely electrostatic in 

nature, as the center of the trinuclear macrocycle of Hg3 has a positive electrostatic 

potential while the perimeter is negative.83,87 

Poly(2-methoxy,5-(2’-ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV) is one of 

the first conjugated polymers that demonstrated efficient OPV performance and has 

served as a model polymer in numerous studies for the understanding and optimization 

of PSCs.15–17 The structures of Hg3 and MEH-PPV are shown in Figure 2-1. In this 

study, we examined how Hg3 influenced the photophysical properties of MEH-PPV in 

solution and how Hg3 modified the stacking pattern of MEH-PPV in films. We also used 

Hg3 as an active layer additive for BHJ PSCs containing MEH-PPV and PC61BM as 

donor and acceptor materials, which resulted in a 33% increase of PCE. We attributed 

this increase of PCE mainly to the improved exciton diffusion and charge transport 

efficiencies during the photocurrent generation. 

 
Figure 2-1.  Structures of Hg3 and MEH-PPV. 
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Results and Discussion 

UV-Visible Absorption and Fluorescence Emission Spectroscopy 

When Hg3 was added, the photophysical properties of MEH-PPV solution 

demonstrated significant changes. Figure 2-2 shows how the titration of Hg3 changed 

both UV-Visible absorption and fluorescence emission of MEH-PPV. Hg3 solution is 

transparent and has no absorption in the visible region. MEH-PPV originally has a 

strong absorption peak around 500 nm, but as Hg3 concentration increases this peak 

shifts towards 550 nm and another peak arises around 590 nm, indicating that Hg3 

triggered the aggregation of MEH-PPV, even in very dilute solution.89  

 
Figure 2-2.  UV-Visible absorption and fluorescence emission spectra of MEH-PPV 

solution titrated by Hg3 solution. In both A) UV-Visible absorption and B) 
fluorescence emission spectra, MEH-PPV has a concentration of 15 μM. Both 
solutions were made in chlorobenzene. 

This can be explained by the Lewis acid nature of Hg3.90 Because of the positive 

electrostatic potential on the center of the Hg3 trinuclear macrocycle, it caused the 

electron-rich polymer chains to aggregate around it through electrostatic interaction. In 

fact, in highly concentrated MEH-PPV solution, Hg3 caused polymer chains to 

aggregate to the extent of precipitating out of the solution. Furthermore, these spectral 

changes indicate that the aggregation of MEH-PPV triggered by Hg3 is ordered.91 At the 
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same time, the fluorescence emission of MEH-PPV was effectively quenched by Hg3, 

especially around 560 nm. This is intriguing because MEH-PPV is a well-known material 

used in organic light-emitting diode (OLED) and it has very intense fluorescence 

emission in solid state, where there is very severe aggregation of polymer chains.6 

Therefore, this quenching of fluorescence in solution is not likely due to aggregation, 

though it was clear that aggregation did occur according to UV-Visible absorption. 

This phenomenon was also observed in spin-coated thin films. Figure 2-3 shows 

how the UV-Visible absorption of MEH-PPV thin films experienced similar spectral 

changes when more Hg3 was added. The spectral shift is consistent with what was 

previously observed in solution. 

 
Figure 2-3.  UV-Visible absorption spectra of MEH-PPV thin films with increasing 

amounts of Hg3 in wt%. 

Transient Absorption Spectroscopy 

Femtosecond transient absorption spectroscopy was used to probe the excited 

state dynamics of pure MEH-PPV and MEH-PPV with Hg3 solutions. Three samples of 

MEH-PPV with different concentrations of Hg3 were examined, and their transient 

absorption spectra in both visible and near-infrared regions are shown in Figure 2-4.  
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Figure 2-4.  Femtosecond transient absorption spectra of MEH-PPV with increasing 

amounts of Hg3 in visible and near-infrared regions. The concentrations of 
MEH-PPV were maintained at 600 μM and Hg3 concentrations were varied: 0 
μM, 150 μM, and 225 μM. All samples were made in chlorobenzene and 

excited using femtosecond pulses ( = 420 nm, 100 nJ/pulse). 

 
Figure 2-5.  UV-Visible absorption, fluorescence emission, and femtosecond transient 

absorption composite spectra in of MEH-PPV with and without Hg3. A) and B) 
represent two samples of MEH-PPV solution with 0 μM and 225 μM of Hg3, 
respectively. 

The top three spectra demonstrate how different Hg3 concentrations influenced 

the excited state dynamics of MEH-PPV in the visible region. Singlet excited state 

absorption around 770 nm is effectively reduced as the concentration of Hg3 increases, 

and the spectral changes of ground state bleaching as well as stimulated emission are 
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consistent with what was observed in UV-Visible absorption and fluorescence emission 

as also shown in Figure 2-5.  

The bottom three spectra, which correspond to the near-infrared region, reveal 

more interesting spectral changes. In the presence of Hg3, not only the excited state 

absorption around 1190 nm is effectively reduced and red-shifted, but also a new peak 

around 950 nm arises and persists 5 ns after excitation. This peak around 950 nm 

corresponds to the absorption of the MEH-PPV radical cation MEH-PPV+•,92 indicating a 

charge transfer process between MEH-PPV and Hg3 as a result of the strong 

electrophilicity of Hg3. The charge transfer process helps to explain the reduction of 

singlet excited state absorption and the quenching of fluorescence emission of MEH-

PPV upon the addition of Hg3. Because of charge transfer, the singlet excited state of 

neutral polymers was depopulated, leading to the reduction of its intensity in transient 

absorption and quenching of its fluorescence emission. 

The lifetimes of the ground state bleaching and singlet excited state decays of 

MEH-PPV in three samples with different Hg3 concentrations were obtained by 

triexponential fitting and summarized in Table 2-1. At 500 nm and 1190 nm, the lifetimes 

with the largest contribution significantly shorten from the order of 100 ps to the order of 

0.1 ps in presence of Hg3. At 770 nm, though the lifetimes with the largest contribution 

of all three samples are on the order of 0.1 ps, the addition of Hg3 increases the 

contribution of lifetimes on the order of 0.1 ps while decreases the contribution of 

lifetimes on the order of 100 ps. As a result, median lifetimes <> obtained from all three 

wavelengths decrease as the concentration of Hg3 increases. The shortened median 
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lifetimes indicate that a charge transfer process exists between MEH-PPV and Hg3 as 

well. The fitted kinetic traces of the three samples are shown in Figure 2-6. 

Table 2-1.  Lifetimes of the ground state bleaching and the singlet excited state decay of 
MEH-PPV with and without Hg3. The three samples have 0 μM, 150 μM, and 
225 μM of Hg3. 

 (nm) 
a and <> (ps) 

0 μM 150 μM 225 μM 

500 
 

0.8 (32.7%) 
20.6 (18.1%) 
284 (46.5 %) 

136.1 
 

0.3 (44.6%) 
9.7 (25.5%) 
221 (25.7%) 

59.4 
 

0.3 (56.6%) 
6.3 (25.1%) 
264 (10.2%) 

28.7 
 

770 
 

0.4 (55.7%) 
13.2 (14.4%) 
300 (27.1%) 

83.4 
 

0.3 (81.1%) 
9.8 (9.1%) 
357 (6.1%) 

22.9 
 

0.3 (81.9%) 
3.6 (9.1%) 
853 (4.2%) 

36.4 
 

1190 
 

4.4 (12.3%) 
114 (32.0%) 
360 (55.7%) 

237.5 

0.6 (53.4%) 
8.3 (26.8%) 
133 (19.4%) 

28.3 

0.2 (77.2%) 
3.4 (15.8%) 
53.1 (6.7%) 

4.2 
aAll lifetimes were calculated according to triexponential fitting with infinite lifetime 
components which were not included in this table. 

 
Figure 2-6.  Fitted kinetic traces of ground state bleaching and the singlet excited state 

decay of MEH-PPV increasing amounts of Hg3. The three samples contain 0 
μM, 150 μM, and 225 μM of Hg3, respectively. 
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Polymer Solar Cell Efficiency 

BHJ PSCs containing MEH-PPV and PC61BM (1:4 weight ratio) as the donor and 

acceptor materials,80 with different amounts of Hg3 were fabricated and tested to 

examine the influence of Hg3 on device performance. Poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was used as the hole 

transporting layer on indium tin oxide (ITO) anode, and lithium fluoride (LiF) was used 

as the electron transporting layer on Al cathode. Devices were fabricated according to 

the following structure (ITO/PEDOT:PSS/active layer/LiF/Al) and tested under AM1.5 

condition in air. Their current density and voltage (J-V) characteristics are summarized 

in Table 2-1.  

Table 2-2.  J-V characteristics of BHJ PSCs. 

Hg3 (wt%) Voc
a
 (V) Jsc

a
 (mA/cm2) Jsc

b
 (mA/cm2) FFa (%) PCEa (%) 

0c 0.8 ± 0.01 3.7 ± 0.11 4.0 48 ± 0.0 1.5 ± 0.03 

2c 0.9 ± 0.01 4.5 ± 0.15 4.6 51 ± 0.6 2.0 ± 0.07 

5 0.9 ± 0.01 4.3 ± 0.04 4.5 51 ± 1.0 1.9 ± 0.06 

9 0.8 ± 0.02 2.5 ± 0.15 2.5 49 ± 2.3 1.0 ± 0.10 

aListed values are the averages of results from 32 pixels on 4 different devices and 
distribution histograms of PCE values are shown in Figure 2-7. 
bListed values are the estimated according to the IPCE data shown in Figure 2-8. 
cAverage active layer thicknesses are 72 nm and 71 nm for devices containing 0% and 
2% of Hg3, respectively. 

From 0% to 5% added Hg3, Jsc and PCE increase with the concentration of Hg3. 

However, around 9% added Hg3, Jsc and PCE start to decrease as the concentration of 

Hg3 continue to increase. Therefore, an appropriate concentration of Hg3 improves the 

device performance, but when the concentration of Hg3 exceeds a threshold, Hg3 starts 

to compromise the device performance. 
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Figure 2-7.  Distribution histograms of PCE values of devices. A) and B) correspond to 

devices containing 0% and 2% of Hg3, respectively. Each was produced 
based on results of 32 pixels from 4 different devices. 

The same trend is also manifested in the incident photon-to-electron conversion 

efficiency (IPCE) spectra corresponding to devices containing increasing amounts of 

Hg3 as shown in Figure 2-8. Additionally, the shoulder around 590 nm that indicates 

aggregation of polymer chains is obvious in both IPCE and UV-Visible spectra (Figure 

2-8). Thus, it was speculated that the influence of Hg3 on device performance is related 

to its ability to trigger the aggregation of MEH-PPV.  

 
Figure 2-8.  IPCE spectra and their corresponding active layer UV-Visible absorption 

spectra of four representative pixels. A) shows IPCE spectra and B) shows 
UV-Visible absorption spectra. Selected pixels are on devices containing 0%, 
2%, 5%, and 9% of Hg3, respectively. 

In fact, during device fabrication, it was observed that devices with 9% of Hg3 

showed visible clusters of MEH-PPV chains resulted from severe aggregation, which 
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led to a morphology detrimental to exciton diffusion and charge transport processes.30 

Therefore, because of its interaction with MEH-PPV, Hg3 acted as an efficient active 

layer additive in BHJ PSCs and 2% of Hg3 increased PCE by 33%.  

Devices with inverted architecture were fabricated according to the following 

structure (ITO/ZnO/active layer/MoO3/Ag) and their J-V characteristics are summarized 

in Table 2-3. The trend these results demonstrate relating to the effect of Hg3 is 

consistent with that of devices with conventional architecture.  

Table 2-3.  J-V characteristics of BHJ PSCs with inverted architecture. 

Hg3 (wt%) Voc
a
 (V) Jsc

a
 (mA/cm2) FFa (%) PCEa (%) 

0 0.9 ± 0.01 3.8 ± 0.03 43 ± 0.4 1.4 ± 0.02 

2 0.9 ± 0.00 4.3 ± 0.11 43 ± 0.4 1.6 ± 0.03 

9 0.6 ± 0.03 2.2 ± 0.06 41 ± 0.2 0.5 ± 0.05 

aListed values are the averages of results from 16 pixels on 2 different devices. 

Space Charge Limited Current Hole Mobility 

Hole-only space charge limited current (SCLC) devices were fabricated 

according to the following structure (ITO/PEDOT:PSS/active layer/Au). They had the 

same active layer composition as the PSCs containing 0% and 2% of Hg3. The hole 

mobilities of these devices are summarized in Table 2-4.  

Table 2-4.  Hole mobility of SCLC devices containing 0% and 2% of Hg3. 

Hg3 (wt%) Thickness (nm) μh
a
 (cm2/V∙s) 

0 175 ± 1.3 1.8 ± 0.14 ⨉ 10-4 

2 173 ± 2.2 2.3 ± 0.14 ⨉ 10-4 

aListed values are the averages of results from 8 pixels. 
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The addition of Hg3 indeed increased the hole mobility in the active layer, which 

improved the charge transport process and led to the overall enhancement of the 

performance of the BHJ PSCs. The J-V characteristics of PSC and SCLC devices 

containing 0% and 2% of Hg3 are shown in Figure 2-9. 

 
Figure 2-9.  J-V curves of two representative pixels on PSC and SCLC devices. The two 

pixels on A) PSC and B) SCLC devices contain 0% and 3% of Hg3, 
respectively. 

Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was used to characterize the influence 

of Hg3 on the morphology of MEH-PPV in film. Because Hg3 contain heavy metal 

atoms, they provide a good mass contrast in TEM images. As shown in Figure 2-10, 

MEH-PPV film without Hg3 is amorphous with no distinctive features. But when Hg3 

molecules were added, they caused some MEH-PPV chains to aggregate and organize 

into a network structure among the amorphous film. At the same time, some Hg3 

molecules self-aggregated and formed little Hg3 crystallites embedded in the polymer 

film. Therefore, it is reasonable to assume that in the active layer of PSCs, Hg3 helped 

MEH-PPV chains to form more ordered domains, which facilitated photocurrent 

generation. However, as discussed above, too much Hg3 is detrimental to device 
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performance because of the self-aggregation of Hg3 results in “road blocks” in the 

active layer. 

 
Figure 2-10.  TEM images of MEH-PPV films containing different amounts of Hg3. A) 

and B) correspond to films contain 0% and 11% of Hg3, respectively. 

X-ray Diffraction and Grazing Incidence Wide Angle X-ray Scattering 

X-ray diffraction (XRD) and grazing incidence wide angle x-ray scattering 

(GIWAXS) were used to examine the influence of Hg3 on the crystallinity of MEH-PPV 

pristine and blend films. Diffractograms obtained from XRD and GIWAXS of MEH-PPV 

pristine films containing increasing amounts of Hg3 are shown in Figure 2-11. In XRD 

diffractograms, a distinctive peak around 2 = 6 arises as the concentration of Hg3 

increases. This peak corresponds to a d-spacing of 14.7 Å, which is the lamellar 

distance of MEH-PPV in the crystalline region.93 The same trend can be seen in 

GIWAXS diffractograms where a distinctive peak around q = 0.43 Å-1 arises as the 

concentration of Hg3 increases. This peak corresponds to a d-spacing of 14.6 Å, which 

confirms the finding in XRD. Results from both XRD and GIWAXS reveal that when Hg3 

triggers MEH-PPV to aggregate, it also promotes the polymer chains to stack in a more 

ordered pattern, which leads to a more crystalline MEH-PPV phase in films. This finding 

in solid state is consistent with what was observed in solution as previously discussed. 
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Figure 2-11.  Diffractograms of MEH-PPV pristine films containing increasing amounts 

of Hg3 in wt%. In both A) XRD and B) GIWAXS diffractograms, 100% means 
pure Hg3 films made in the same way as the rest. 

GIWAXS 2D images of MEH-PPV pristine films containing increasing amounts of 

Hg3 are shown in Figure 2-12. The following changes in texture caused by the addition 

of Hg3 are observed. From 0% to 11% added Hg3, the outer ring shrinks and a dot on 

the qz axis appears and intensifies. This is due to the crystallization of MEH-PPV 

chains. From 11% to 20% added Hg3 and beyond, the dot on qz axis further intensifies, 

and a series of arcs appear on qxy axis. This is due to the further crystallization of MEH-

PPV chains and the crystallization of Hg3 molecules. Based on these observations, the 

following conclusions can be drawn. When the concentration of Hg3 was below 11%, 

Hg3 molecules mainly aggregated with MEH-PPV chains, which improved the 

crystallinity of the pristine films. However, when the concentration of Hg3 exceeded 

11% and approached 20%, Hg3 molecules started to also self-aggregate and form 

crystallites. 11% corresponds to a 1:8 weight ratio between Hg3 and MEH-PPV in 

pristine films. Additionally, without Hg3, MEH-PPV adopted a random backbone 
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orientation on the substrate, but the addition of Hg3 changed the backbone orientation 

to predominately edge-on.49 

 
Figure 2-12.  GIWAXS 2D images of MEH-PPV pristine films containing increasing 

amounts of Hg3 in wt%. The horizontal axis corresponds to qxy and the 
vertical axis corresponds to qz. 

The MEH-PPV:PC61BM blend films containing increasing amounts of Hg3 were 

also examined by GIWAXS. The blend films were made in a way so that they represent 

the active layers of PSC devices discussed above. The diffractograms and 2D images 

are shown in Figure 2-13, which show similar trends as observed in MEH-PPV pristine 

films. 

 
Figure 2-13.  GIWAXS diffractograms and 2D images of MEH-PPV: PC61BM blend films 

containing different amounts of Hg3 in wt%. Peaks that reflect the MEH-PPV 
stacking and PC61BM stacking are labelled on A) diffractograms. The 
horizontal axis corresponds to qxy and the vertical axis corresponds to qz. All 
intensities are normalized to the thicknesses of spin-coated films.  
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According to the diffractograms, when the concentration of Hg3 increases, two 

distinctive peaks arise that reflect MEH-PPV stacking and PC61BM stacking.94 The 

MEH-PPV peak around q = 0.22 Å-1corresponds to d-spacing of 28.6 Å. This value is 

consistent with a bilayer lamellar distance in a solvent-induced transient structure of 

MEH-PPV, which evolved into the regular MEH-PPV lamellar structure upon thermal 

annealing.95 Because the blend films were spin-coated, MEH-PPV chains were trapped 

in a thermodynamically unstable bilayer lamellar structure due to fast solvent 

evaporation. On the other hand, the pristine films were drop-coated, thus MEH-PPV 

chains adopted a thermodynamically stable regular lamellar structure directly. In fact, a 

closer exam of Figure 2-13A reveals a shoulder around q = 0.43 Å-1, which corresponds 

to a d-spacing of 14.6 Å. This value is identical to the lamellar distance observed in 

pristine films. Therefore, in spin-coated blend films, MEH-PPV adopted to two stacking 

patterns, which are shown in Figure 2-14.  

 
Figure 2-14.  An illustration of the two MEH-PPV stacking patterns. A) Bilayer lamellar 

structure and B) regular lamellar structure. 
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The primary pattern is an unstable bilayer lamellar structure and the secondary 

pattern is a stable regular lamellar structure. And the MEH-PPV peak observed on the 

diffractograms is the result of the overlapping of two peaks relating to the two stacking 

patterns. 

According to the texture changes on 2D images, the following conclusions can be 

made. When the concentration of Hg3 was below 2%, Hg3 molecules mainly 

aggregated with MEH-PPV chains, which improved the crystallinity of the blend films. 

When the concentration of Hg3 exceeded 2%, Hg3 molecules started to also self-

aggregate and form large crystallites. 2% corresponds to a 1:8 weight ratio between 

Hg3 and MEH-PPV in blend films. This finding reveals two possible interactions when 

Hg3 is added in the active layer of PSCs: MEH-PPV and Hg3 aggregation, and Hg3 

self-aggregation. The former helps to improve the crystallinity of the active layer that 

facilitates the photocurrent generation, while the latter introduces “road blocks” in the 

active layer that impede the photocurrent generation. Therefore, it is crucial to ensure 

an appropriate weight ratio between Hg3 and MEH-PPV in the active layer so that Hg3 

self-aggregation is suppressed and PCE is maximized. According to the results from the 

efficiency, hole mobility, and crystallinity characterization, the optimal weight between 

Hg3 and MEH-PPV is 1:8. Furthermore, in blend films without Hg3, MEH-PPV adopted 

a random backbone orientation on the substrate, but the addition of Hg3 changed the 

backbone orientation to predominately edge-on. 

X-ray Crystallography 

A small molecule 2,5-bis(propoxy)-1,4-bis(phenylenevinylene)benzene (BP-PV) 

that resembles the repeating unit of MEH-PPV was synthesized and its structure is 

shown in comparison with the structure of MEH-PPV in Figure 2-15.  
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Figure 2-15.  Structures of BP-PV and MEH-PPV. 

A crystal adduct [BP-PVHg3] was made by slow evaporation of a mixed 

solution, where the molar ratio between BP-PV and Hg3 was 1:1. X-ray crystallography 

study was conducted and the resulted structure of [BP-PVHg3] is shown in Figure 2-

16.  

 
Figure 2-16.  Illustrations of the crystal structure of [BP-PVHg3]. A) Space-filling model 

where H atoms are omitted for clarity. B) Stick and ball model showing 
stacking pattern between BP-PV and Hg3 on an expanded scale. C) Thermal 

ellipsoids model of the structure of [BP-PVHg3]. Representative 
intermolecular distances in Å: Hg(2)-C(50) 5.34, Hg(2)-C(54) 4.50, Hg(1)-
C(52) 3.83, Hg(1)-C(54) 3.28, C(9)-C(45) 3.46, C(9)-C(46) 3.35. 
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Due to electrostatic interaction between the nucleophilic BP-PV and the 

electrophilic Hg3, they stack in a sandwich-like alternating configuration, which is 

consistent with previous studies on Hg3 with other conjugated small molecules.86 

Additionally, the intermolecular distances shown in Figure 2-16C suggest a strong 

intermolecular interaction between the two molecules. Since BP-PV resembles the 

repeating unit of MEH-PPV, it is reasonable to conclude that MEH-PPV interact with 

Hg3 in a similar fashion, leading to the formation of a more crystalline polymer phase. 

When MEH-PPV chains aggregate around the electrophilic Hg3 molecules, they 

are anchored in place by electrostatic forces and form a lamellar structure, where the 

repeating units of MEH-PPV and Hg3 trinuclear macrocycles stack upon one another in 

a sandwich-like alternating pattern. The increased degree of crystallinity in the polymer 

phase reduces disorder effects, e.g., energy traps and scattering sites, and ensures 

stronger - electronic coupling between polymer chains, especially along the  

stacking direction.7–9  

Additionally, the charge transfer process observed between the excited MEH-

PPV and Hg3 revealed a strong - electronic coupling between the two species, 

confirming a viable pathway for charge transport along the previously described 

sandwich-like stacks of aromatic rings. A stronger - electronic coupling by the 

addition of Hg3 in MEH-PPV is desired for both more efficient exciton diffusion and 

charge transport,33 which are the key steps of photocurrent generation.30 Consequently, 

the addition of Hg3 to MEH-PPV:PC61BM blend results in an increased hole mobility in 

SCLC devices and a higher PCE in PSC devices. 
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MDMO-PPV 

Another PPV-base polymer poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-

phenylene-vinylene] (MDMO-PPV) was studied. Its structure in shown in comparison 

with the structure of MEH-PPV in Figure 2-17.  

 
Figure 2-17.  Structures of MDMO-PPV and MEH-PPV. 

MDMO-PPV is also a well-known polymer and has been used in BHJ PSCs as 

the donor material.86 It demonstrated an interaction with Hg3 similar to MEH-PPV in 

solution and in films as shown in Figure 2-18. In solution MDMO-PPV originally has a 

strong absorption peak around 500 nm, and the concentration of Hg3 increases, this 

peaked shifts towards 550 nm and another peak arises around 590 nm, indicating that 

Hg3 triggered the aggregation of MDMO-PPV chains. Diffractograms of MDMO-PPV 

films show a distinctive peak around 2 = 5.6 arising as the concentration of Hg3 

increases. This peak corresponds to a d-spacing of 16.3 Å, which is the lamellar 

distance between two MDMO-PPV backbones. Though MDMO-PPV demonstrated an 

interaction with Hg3 similar to MEH-PPV, Hg3 changed the viscosity of the MDMO-PPV 

solution in a different way compared to the MEH-PPV solution. It was not possible to 

make a suitable film via spin-coating with MDMO-PPV solution containing Hg3. 

Therefore, PSCs based on MDMO-PPV was not studied. 
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Figure 2-18.  UV-Visible absorption spectra and diffractograms of MDMO-PPV with an 

increasing amount of Hg3 in solution and films. A) UV-Visible absorption 
spectra of 15 μM MEH-PPV solution titrated by Hg3 solution in 
chlorobenzene. B) Diffractograms of MDMO-PPV films containing increasing 
amounts of Hg3 in wt%. 100% means pure Hg3 films made in the same way 
as the rest. 

Summary 

A trimeric perfluoro-o-phenylene mercury compound Hg3 was studied as a novel 

active layer additive material for BHJ PSCs based on the MEH-PPV:PC61BM blend 

system. In solution, Hg3 triggered MEH-PPV chains to aggregate and a charge transfer 

process between excited MEH-PPV and Hg3 was observed. In films, due to 

electrostatic forces, Hg3 molecules acted as anchors that forced MEH-PPV chains to 

form a more ordered lamellar stacking pattern, which increased the degree of 

crystallinity of the polymer phase. Due to reduced disorder effects and stronger - 

electronic coupling, exciton diffusion and charge transport efficiencies during 

photocurrent generation are both improved. As a result, the addition of 2% of Hg3 in the 

active layer increased PCE by 33%, which suggest that Hg3 can be used as an 

effective active layer additive for PSCs. 
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Experimental 

Materials 

MEH-PPV, MDMO-PPV, and PC61BM were purchased from American Dye 

Source Inc. PEDOT-PSS (Baytron P VP Al 4083) solution was purchased from Heraeus 

Deutschland GmbH & Co. KG. All other compounds and solvents were purchased from 

Sigma-Aldrich or Fisher Scientific. Hg3 was synthesized by Dr. Kye-Young Kim. BP-PV 

was synthesized by Dr. Junlin Jiang. 

Instrumentation 

UV-Visible absorption measurements were carried out on a Shimadzu UV-1800 

dual-beam spectrophotometer. Fluorescence emission measurements were carried out 

on a Photon Technology International spectrophotometer. Femtosecond transient 

absorption measurements were carried out on an Ultrafast Systems Helios Fire 

transient absorption spectrometer. XRD measurements were carried out on a 

PANalytical X’Pert Powder diffractometer with a wavelength of 1.54 Å. GIWAXS 

measurements were carried out at the Stanford Synchrotron Radiation Lightsource 

SSRL on beamline 11-3 with a wavelength of 0.9742 Å. TEM imaging was carried out 

on a JEOL 2010F transmission electron microscope at 200kV operating voltage. Film 

thickness measurements were carried out on a Dektak 150 profilometer.  

ITO Substrate Preparation 

PSCs were fabricated using pre-patterned ITO-covered glass as substrates 

(KINTEC Company). The pattern is shown in Figure 2-19A. 
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Figure 2-19.  Pattern of ITO on substrate and pattern of electrode shadow mask. A) 

shows the pattern of ITO on substrate, where the black region indicates 
where ITO was deposited. B) shows the pattern of electrode shadow mask 
where the black region indicates where electrodes were deposited. All 
measurements were made in mm. Kenneth R. Graham Ph.D. Dissertation, 
University of Florida, 2011. 

The ITO glass substrates were first briefly scrubbed with sodium dodecyl sulfate 

solution soaked Kimwipe and then inserted into substrate holder rack with the ITO side 

facing down. The loaded rack was subsequently cleaned with aqueous sodium dodecyl 

sulfate, deionized water (18 M, Milli-Q), acetone, and isopropyl alcohol for 15 minutes 

respectively in an ultrasonic bath. After sonication, the substrates were removed from 

the rack, blown-dried with 0.2 m filtered nitrogen, and immediately transferred into a 

plasma cleaner (Harrick PDC-32G) with the ITO side facing up. The substrates were 

then exposed to oxygen plasma for 20 minutes. Immediately after plasma cleaning, the 

substrates were quickly cooled down then transferred to a spin-coater (Laurell WS-

400BZ-6NPP/LITE) with the ITO side facing up on the chuck. PEDOT-PSS solution 

filtered by a 0.45 m nylon syringe filter (Whatman Puradisc, 13 mm) was directly 

deposited on the ITO substrates. Then the chuck spun at 3000 RPM for 60 seconds, 

which created about 30 nm film thickness. Both plasma cleaning and spin-coating were 

performed in a particle-free hood equipped with a 0.3 m HEPA filter. After the spin-
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coating of PEDOT-PSS, the corners of PEDOT-PSS films were wiped with water 

soaked cotton swabs to expose the ITO electrodes. Then, all PEDOT-PSS covered 

substrates were placed on a hotplate with the ITO side facing up and annealed at 130C 

for 20 minutes. After annealing, the ITO substrates were transferred to an Al block to 

cool down and then stored in individual plastic cases. At last, these substrates were 

transferred into an Ar atmosphere glovebox (M-Braun, H2O and O2 < 0.1 ppm).  

The procedure described above was used to prepare ITO substrates for the 

fabrication of PSCs with conventional architecture. For inverted architecture, a layer of 

ZnO sol-gel was deposit on cleaned ITO substrates instead of PEDOT:PSS. ZnO sol-

gel was prepared by dissolving 250 mg of zinc acetate dehydrate into 70 L 

ethanolamine and 2500 L 2-methoxyethanol, then stirring for more than 12 hours. After 

film deposition, the corners of ZnO films with were wiped with isopropyl alcohol soaked 

cotton swabs to expose the ITO electrodes. 

PSC Device Fabrication 

PSCs were fabricated on the previously prepared PEDOT:PSS covered ITO 

substrates. All materials for PSC fabrication were stored in the glovebox after receiving 

from suppliers. All solutions were made with anhydrous chlorobenzene in amber glass 

vials with polytetrafluoroethylene (PTFE) cap liners in the glovebox. MEH-PPV, 

PC61BM, and Hg3 were weighed and dissolved in separate vials to achieve desired 

concentrations. Then they were made into active layer mixed solutions using a 

micropipette to achieve the desired ratios. The mixed solutions were then stirred at 

70C for 2 hours to ensure good dissolution and at room temperature for more than 12 

hours to ensure thorough mixing. The mixed solutions then were deposited onto the 
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PEDOT-PSS covered substrates that spun at 1000 RPM for 60 s to create active layer 

films. Subsequently, the corners of active layer films were wiped with chloroform soaked 

cotton swabs to expose the ITO electrodes once again. 

Then the active layer covered ITO substrates were transferred to the thermal 

evaporator and set on substrate holder equipped with copper shadow masks. The 

shadow mask shown in Figure 2-19B was used to define the top metal electrodes, 

which yields 8 pixels per device with about 0.07 cm2 pixel area size. After pumping 

down for over 5 hours, the pressure in the evaporator chamber reached around 1  10-6 

mbar. Then the substrate holder was set to rotate and thermal deposition was initiated. 

A layer of 0.5 nm (0.01 nm/s) LiF and a layer of 100 nm (0.2 nm/s) Al were deposited 

onto the active layer in sequence during this process. After thermal evaporation, the 

devices were placed back to individual plastic cases and taken out of the glovebox one 

by one for immediate testing. 

The procedure described above was used for the fabrication of PSCs with 

conventional architecture. For inverted architecture, A layer of 7 nm (0.05 nm/s) MoO3 

and a layer of 100 nm (0.2 nm/s) Ag were deposited onto the active layer in sequence 

instead of LiF and Al, respectively. 

PSC Efficiency Characterization 

AM1.5 condition was chosen to simulate sunlight in the lab. The solar simulator 

utilizes a 150 W Xe (OF) arc lamp in a Newport Oriel 66902 lamp housing with Newport 

Oriel 66907 power supply. The collimating lens modified the radiation output to nearly 

uniform energy distribution, while a stack of filters (AM0, AM1.0, AM1.5) reduced the 

radiation output to AM1.5 condition. Every time before testing PSCs, a calibrated Ophir 
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Nova 70260 power meter with a thermopile detector was used to measure the radiation 

power of the solar simulator to ensure its value to be at 100 mW/cm2. Then the PSCs 

were placed at the same position as the aperture of the thermopile where they were 

illuminated with AM1.5 solar simulated radiation. The J-V characteristics of PSCs were 

measured by a Keithley 2400 sourcemeter. The sourcemeter was controlled by a 

program called Kickstart via a computer and it scanned the voltage from -1 to 1 V in 100 

steps while measuring the current output of the device. The obtained voltage and 

current data were then plugged in an excel spreadsheet calculator, which generated J-V 

characteristics of the device. 

IPCE characterization was done with an Oriel Cornerstone 130 1/8M 

monochromator supplied by an Oriel Apex illuminator. The incident radiation power was 

determined by a calibrated UDT Instrument 211 photodiode with a UDT Instrument 

S471 handheld power meter. Every time before testing the PSCs, the monochromator 

was set to generate monochromatic light with wavelength increasing in 10 nm 

increments, and the corresponding values of incident radiation power were recorded in 

an excel spreadsheet calculator. Then the PSCs were placed at the same position as 

the aperture of the photodiode where they were illuminated. The photocurrent was 

measured by a Keithley 2400 sourcemeter with no bias applied, while the wavelength of 

the monochromatic light was increased in 10 nm increments within the cell response 

range (generally from 400 to 700 nm). Finally, the values of photocurrent were plugged 

in the calculator, which generated the IPCE spectra of the devices. Another excel 

spreadsheet calculator was used to estimate the Jsc of the devices using the 

corresponding IPCE spectra. 
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SCLC Device Fabrication 

Hole-only SCLC devices were fabricated in a similar fashion as the PSCs. ITO 

substrates were prepared and active layers were deposited according to the procedures 

previously described. During thermal evaporation, a layer of 80 nm (0.1 nm/s) Au was 

deposited on the active layer using the same electrode shadow masks.  

SCLC Hole Mobility Characterization 

Hole-only SCLC devices were characterized with a Keithley 2400 sourcemeter. 

The sourcemeter was controlled by Kickstart via a computer and it scanned the voltage 

from -0.01 to 10 V in 500 steps while measuring the current output of the device. The 

current data were then plugged into an excel spreadsheet calculator, which converted 

current into current density. Origin was used to fit the data according to the field-

dependent SCLC equation. The film thicknesses were measured by a Dektak 150 

profilometer and the average values were used in the SCLC fitting equation. 

 



 

76 

CHAPTER 3 
THE INTERATION BETWEEN HG3 AND PPE DERIVATIVES 

Background 

Conjugated polymers have attracted a great deal of attention in the past few 

decades due to their unique photophysical and electronic properties.6,30,96 Among them, 

poly(phenylene ethynylene) (PPE), was extensively studied,97 and has found application 

in the field of chemical sensor,98 organic light-emitting diode (OLED),99 and organic field 

effect transistor (OFET).100 For many of these applications, efficient charge transport 

plays a crucial role, and a higher degree of crystallinity normally leads to a more 

efficient charge transport process in polymer films. Therefore, it is important to explore 

methods that improve the stacking patterns of PPE-type polymers in films. 

A trimeric perfluoro-ortho-phenylene mercury (Hg3) was reported to form a 

supramolecular -coordination complex with diphenylacetylene, which is the most basic 

repeating unit of a PPE-type polymer. In this complex, Hg3 and diphenylacetylene stack 

on each other in an alternating sandwich-like fashion.86 Density functional theory (DFT) 

calculations suggest that these interactions are likely to be electrostatic in nature, as the 

center of the trinuclear macrocycle of Hg3 has a positive electrostatic potential while the 

perimeter is negative.83,87 

In this study, the interaction between Hg3 and six PPE-type polymers were 

examined. The structures of Hg3 and PPE-type polymers are shown in Figure 3-1. 

Among these polymers, P1-O8, P1-O12, and P1-C8 are homopolymers, while P2-O8, 

P2-O12, and P2-C8 are alternating phenylene copolymers. P1-O8, P2-O8, P1-C8, and 

P2-C8 have 8 carbons in the alkyl side chains, while P1-O12 and P2-O12 have 12 

carbons in the alkyl side chains. P1-O8, P2-O8, P1-O12, and P2-O12 have oxygen 
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linkers that connect the backbone and alkyl side chains, while P1-C8 and P2-C8 do not. 

In summary, all six polymers have the same backbone, but vary in length, density, and 

structure of the side chain. 

 
Figure 3-1.  Structures of Hg3 and a series of PPEs. 

We used P1-O8 as a model polymer and examined how Hg3 influenced its 

photophysical properties in solution. We also studied how Hg3 modified the stacking 

pattern of six PPE-type polymers in films and discovered how the structures of polymers 

influence the resulting stacking patterns. The effects of side chain length, side chain 

density, and oxygen linker will be discussed. 
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Results and Discussion 

UV-Visible Absorption and Fluorescence Emission Spectroscopy 

P1-O8 solution demonstrated significant changes in its photophysical properties 

when Hg3 was added. Figure 3-2 shows how both UV-Visible absorption and 

fluorescence emission of P1-O8 were changed by the titration of Hg3. Hg3 solution is 

transparent and has no absorption in the visible region. P1-O8 originally has a strong 

absorption peak around 450 nm, but as Hg3 concentration increases this peak shifts 

towards 460 nm and another peak arises around 510 nm, which indicates that Hg3 

triggered the aggregation of P1-O8.101 This can be explained by the Lewis acid nature 

of Hg3.90 Because the center of the Hg3 trinuclear macrocycle has a positive 

electrostatic potential, the electron-rich repeating units of P1-O8 aggregate around it 

through electrostatic interaction. At the same time, the fluorescence emission of P1-O8 

was effectively quenched, especially around 485 nm. This is intriguing because 

fluorescence emission of P1-O8 in solid state, where there is very severe aggregation of 

polymers, is well-documented.102 

 
Figure 3-2.  UV-Visible absorption and fluorescence emission spectra of P1-O8 solution 

titrated by Hg3 solution. In both A) UV-Visible absorption and B) fluorescence 
emission spectra, P1-O8 has a concentration of 0.125 mM. Both solutions 
were made in chlorobenzene. 
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Transient Absorption Spectroscopy 

Femtosecond transient absorption spectroscopy was used to probe how Hg3 

changes the excited state dynamics of P1-O8 in solution. Three samples of P1-O8 with 

different concentrations of Hg3 were examined, and their transient absorption spectra in 

both visible and near-infrared regions are shown in Figure 3-3. 

 
Figure 3-3.  Femtosecond transient absorption spectra of P1-O8 with increasing 

amounts of Hg3 in visible and near-infrared regions. The concentrations of 
P1-O8 were maintained at 0.125 mM and Hg3 concentrations were varied: 0 
μM, 1000 μM, and 2000 μM. All samples were made in chlorobenzene and 

excited using femtosecond pulses ( = 400 nm, 100 nJ/pulse). 

The top three spectra demonstrate how different Hg3 concentrations influenced 

the excited state dynamics of P1-O8 in the visible region. Singlet excited state 

absorption around 770 nm is reduced as the concentration of Hg3 increases, and the 

spectral changes of ground state bleaching as well as stimulated emission are 

consistent with what was observed in UV-Visible absorption and fluorescence emission, 

also shown in Figure 3-4.  



 

80 

 
Figure 3-4.  UV-Visible absorption, fluorescence emission, and femtosecond transient 

absorption composite spectra of P1-O8 with and without Hg3. A) and B) 
represent two samples of P1-O8 solution with 0 μM and 225 μM of Hg3, 
respectively. 

The bottom three spectra show how different Hg3 concentrations influenced the 

excited state dynamics of P1-O8 in the near-infrared region. As the concentration of 

Hg3 increases, the excited state absorption around 900 nm is reduced and broadened, 

especially when the concentration of Hg3 reaches 2000 μM. Since the influence of Hg3 

on the photophysical properties of P1-O8 is similar to that of MEH-PPV reported in 

Chapter 2, it is reasonable to conclude that there is also a charge transfer process 

between P1-O8 and Hg3 due to the Lewis acid nature of Hg3.  

This charge transfer process helps to explain the reduction of singlet excited 

state absorption and the quenching of fluorescence emission of P1-O8 upon the 

addition of Hg3. Because of charge transfer, the singlet excited state of neutral 

polymers was depopulated, leading to the reduction of its intensity in transient 

absorption and quenching of its fluorescence emission. This charge transfer process 

also indicates a good electronic coupling between the Hg3 and the P1-O8. 
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The lifetimes of singlet excited state decays of P1-O8 in three samples with 

different Hg3 concentrations were obtained by triexponential fitting and summarized in 

Table 3-1.  

Table 3-1.  Lifetimes of the ground state bleaching and the singlet excited state decay of 
P1-O8 with increasing amounts of Hg3. The three samples have 0 μM, 1000 
μM, and 2000 μM of Hg3. 

 (nm) 
a and <> (ps) 

0 μM 1000 μM 2000 μM 

660 
 

2.0 (30.3%) 
57.6 (27.1%) 
467 (46.9 %) 

235.2 
 

0.6 (55.0%) 
19.6 (14.5%) 
358 (19.7%) 

73.7 
 

0.4 (81.4%) 
7.5 (8.7%) 
352 (6.6%) 

24.2 
 

775 
 

1.9 (27.1%) 
44.3 (26.7%) 
404 (43.3%) 

187.3 
 

0.7 (49.1%) 
21.7 (17.4%) 
327 (26.6%) 

91.1 
 

0.4 (81.6%) 
8.7 (9.0%) 
300 (6.7%) 

21.2 
 

890 
 

1.8 (26.9%) 
39.7 (25.7%) 
461 (43.8%) 

212.6 

0.6 (55.7%) 
23.2 (13.4%) 
393 (24.0%) 

97.8 

0.4 (81.9%) 
8.4 (7.4%) 
480 (7.3%) 

36.0 
aAll lifetimes were calculated according to triexponential fitting with infinite lifetime 
components which are not included in this table. 

At 660 nm, 775 nm, and 890 nm, the lifetimes with the largest contribution all 

significantly shorten from the order of 100 ps to the order of 0.1 ps in the presence of 

Hg3. As the concentration of Hg3 increases, the contribution of lifetimes on the order of 

0.1 ps further increases, while the contribution of lifetimes on the order of 100 ps 

decreases. As a result, median lifetimes <> obtained from all three wavelengths 

decrease as the concentration of Hg3 increases. The shortened median lifetimes 

indicate that a charge transfer process exists between P1-O8 and Hg3. The fitted kinetic 

traces of the three samples are shown in Figure 3-5. 
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Figure 3-5.  Fitted kinetic traces of ground state bleaching and the singlet excited state 

decay of P1-O8 with increasing amounts of Hg3. The three samples contain 0 
μM, 1000 μM, and 2000 μM of Hg3, respectively. 

X-ray Diffraction and Grazing Incidence Wide Angle X-ray Scattering 

X-ray diffraction (XRD) and grazing incidence wide angle X-ray scattering 

(GIWAXS) were used to examine how Hg3 influence the stacking pattern of six PPE-

type polymers in films. Samples labelled with the same concentration of Hg3 for XRD 

and GIWAXS measurements were made from different solutions. Though the same 

methods were taken to ensure the accuracy of Hg3 concentration in each solution, they 

may contain slightly different amounts of Hg3. 

Diffractograms obtained from XRD and GIWAXS of P1-O8 films containing 

increasing amounts of Hg3 are shown in Figure 3-6. In XRD diffractograms, a distinctive 

peak around 2 = 5 arises as the concentration of Hg3 increases. However, because of 



 

83 

the limitation of the instrument, the apex of the peak is not revealed. The same trend 

can be seen in GIWAXS diffractograms where a distinctive peak around q = 0.34 Å-1 

arises as the concentration of Hg3 increases. This peak corresponds to a d-spacing of 

18.5 Å, which is the lamellar distance in a regular lamellar structure of P1-O8, as shown 

in Figure 3-9A.103 This d-spacing correspond to 2 = 4.8, and it is consistent with the 

finding in XRD. Results from both XRD and GIWAXS reveal that when P1-O8 chains to 

aggregate in presence of Hg3 and stack in a highly ordered fashion, which leads to an 

increased degree of crystallinity in films.  

 
Figure 3-6.  Diffractograms of P1-O8 films containing increasing amounts of Hg3 in 

wt%. In both A) XRD and B) GIWAXS, 100% means pure Hg3 films made in 
the same way as the rest. 

GIWAXS 2D images of P1-O8 films are shown in Figure 3-7. The following 

changes in texture caused by the addition of Hg3 are observed. From 0% to 33% added 

Hg3, the outer ring disappears and inner ring consolidates into a dot on the qz axis. This 

is due to the crystallization of P1-O8 chains. From 33% to 50% added Hg3, another dot 

appears on qz axis, and a series of arcs appear on qxy axis. This is due to the further 
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crystallization of P1-O8 chains and the crystallization of Hg3 molecules. From 50% to 

67% added Hg3, the two dots on qz axis become slightly weaker and broader, and the 

arcs on qxy axis continue to grow. This is because Hg3 crystallites are many and large 

enough to disrupt the stacking pattern of P1-O8 chains and interfere with the incident 

beam. Based on these observations, the following conclusions can be drawn. When the 

concentration of Hg3 was below 33%, Hg3 molecules mainly aggregated with P1-O8 

chains, which improved the crystallinity of the films. However, when the concentration of 

Hg3 approached 50%, Hg3 molecules also formed crystallites through self-aggregation. 

And these crystallites became large enough to disrupt the crystalline phase of P1-O8 

when the concentration of Hg3 reached 67%. Additionally, without Hg3, P1-O8 adopted 

a random backbone orientation on the substrate, but the addition of Hg3 changed the 

backbone orientation to predominately edge-on.49 

 
Figure 3-7.  GIWAXS 2D images of P1-O8 films containing increasing amounts of Hg3 

in wt%. The horizontal axis corresponds to qxy and the vertical axis 
corresponds to qz. 
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Diffractograms obtained from XRD and GIWAXS of P2-O8 films containing 

increasing amounts of Hg3 are shown in Figure 3-8. In XRD diffractograms, a distinctive 

peak around 2 = 6.4, corresponding to a d-spacing of 13.4 Å, arises and diminishes 

as the concentration of Hg3 increases. This is the lamellar distance in an interdigitating 

lamellar structure of P2-O8, as shown in Figure 3-9B.104 Since the density of side chains 

along the backbone of P2-O8 is half of that of P1-O8, the neighboring chains can come 

closer through the interdigitation of their side chains. Therefore, the lamellar distance is 

lower in P2-O8 crystalline phase than that of P1-O8. In GIWAXS diffractograms, a peak 

around q = 0.45 Å-1 arises and diminishes as the concentration of Hg3 increases. This 

peak corresponds to a d-spacing of 13.9 Å, which is consistent with the finding in XRD. 

The fact that this peak shifts slightly from 0% to 50% added Hg3 means Hg3 modified 

the lamellar distance of the P2-O8 crystalline phase as it triggered P2-O8 chains to 

aggregate in a more ordered pattern. 

 
Figure 3-8.  Diffractograms of P2-O8 films containing increasing amounts of Hg3 in 

wt%. In both A) XRD and B) GIWAXS, 100% means pure Hg3 films made in 
the same way as the rest. 
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It can also be observed in Figure 3-8B that there is another peak around q = 0.23 

Å-1 when Hg3 is absent, and as the concentration of Hg3 increases, this peak 

disappears. A d-spacing of 27.3 Å, corresponding to this peak, is assigned to be the 

lamellar distance in an interrupted lamellar structure of P2-O8, as shown in Figure 3-9C.  

 
Figure 3-9.  An illustration of three PPE stacking patterns. A) Regular lamellar structure, 

B) interdigitating lamellar structure, and C) interrupted lamellar structure. 

The existence of the interrupted lamellar structure can be explained by the low 

rotational energy barrier of the repeating unit of P2-O8. It is well-known that 

diphenylethyne has a low rotational energy barrier, which is smaller than the thermal 

energy kT at room temperature.105 And the rotation of phenyl groups on the backbones 

of PPE-type polymers similar to P2-O8 in films was well documented.106  
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In P1-O8, because of the steric hindrance created by the high density of side 

chains, the rotational energy barrier is increased. However, in P2-O8 the density of side 

chains is half of that of P1-O8, which leads to decreased steric hindrance and 

consequently lower rotational energy barrier. Therefore, P1-O8 forms a regular lamellar 

structure when it crystalizes under the influence of Hg3, whereas P2-O8 forms a mixture 

of interdigitating and interrupted lamellar structures because of the rotation of the 

backbones during slow solvent evaporation.  

When the concentration of Hg3 reached 50%, P2-O8 eventually adopted 

interdigitating lamellar structure only. Furthermore, when concentration of Hg3 reached 

67%, it seemed that the crystallites of Hg3 significantly disrupted the stacking pattern of 

P2-O8 chains, which resulted in the disappearance of its characteristic peak.  

Diffractograms obtained from GIWAXS of P1-O12 and P2-O12 films containing 

increasing amounts of Hg3 are shown in Figure 3-10. In Figure 3-10A, a distinctive peak 

around q = 0.23 Å-1 arises and diminishes as the concentration of Hg3 increases, which 

corresponds to a d-spacing of 23.3 Å. This d-spacing is assigned as the lamellar 

distance in a regular lamellar structure of P1-O12. This distance is larger than that of 

P1-O8 because P1-O12 has a longer side chain than P1-O8.  

In Figure 3-10B, it can be observed that P2-O12 forms a mixture of interdigitating 

and interrupted lamellar structures in the presence of Hg3 for the same reason as 

discussed previously. On the diffractogram that corresponds to 50%, two broad peaks 

around q = 0.22 Å-1 and q = 0.33 Å-1 appear, which correspond to d-spacings of 28.6 Å 

and 19.0 Å, respectively. Though the stacking pattern of P2-O12 in the presence of Hg3 
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is similar to that of P2-O8, Hg3 does not suppress the formation of interrupted lamellar 

structure in P2-O12 as effectively as in P2-O8. 

 
Figure 3-10.  GIWAXS diffractograms of P1-O12 and P2-O12 films containing 

increasing amounts of Hg3 in wt%. A) represents P1-O12 and B) represents 
P2-O12. 100% means pure Hg3 films made in the same way as the rest. 

Diffractograms obtained from XRD and GIWAXS of P1-C8 films containing 

increasing amounts of Hg3 are shown in Figure 3-11. In XRD diffractograms, as the 

concentration of Hg3 increases, only the tail of a peak can be seen around 2 = 5 due 

to the limitation of the instrument. However, as seen in GIWAXS diffractograms, a 

distinctive peak around q = 0.33 Å-1 already appears without the addition of Hg3. This 

peak corresponds to a d-spacing of 19.0 Å, which is the lamellar distance in a regular 

lamellar structure of P1-C8 formed without the assistance of Hg3.107 As the 

concentration of Hg3 increases, this peak weakens, which means the addition of Hg3 

only disrupted the stacking of P1-C8. 
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Figure 3-11.  Diffractograms of P1-C8 films containing increasing amounts of Hg3 in 

wt%. In both A) XRD and B) GIWAXS, 100% means pure Hg3 films made in 
the same way as the rest. 

When comparing Figure 3-6B with Figure 3-11B, it can be observed that P1-O8 

and P1-C8 interact with Hg3 differently. In P1-O8 films, an appropriate amount of Hg3 

helps polymer chains to stack in a more ordered fashion, whereas in P1-C8 films, Hg3 

only disrupts the stacking of polymer chains. In fact, when titrating Hg3 in P1-C8 

solution, no spectral change was observed, unlike in P1-O8 solution as shown in Figure 

3-2A.  

This phenomenon can be explained by both electronic and steric effects. As 

discussed in Chapter 2, the nature of the interaction between Hg3 and conjugated 

polymers is electrostatic due to the electrophilicity of Hg3. And the resonance effect of 

alkoxyl substituents on benzene rings is stronger than their inductive effect. Therefore, 

the oxygen linkers that connect the backbone and alkyl side chains in P1-O8 make the 

repeating units of P1-O8 more electron-rich than that of P1-C8, which consequently 
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leads to a stronger interaction between Hg3 and P1-O8 than between Hg3 and P1-C8, if 

there is any. Additionally, because of resonance effect oxygen linkers help the repeating 

unit of P1-O8 to adapt a more planar configuration than that of P1-C8, Hg3 molecules 

can approach the electron-rich phenyl groups of P1-O8 more easily than those of P1-

C8.  

Diffractograms obtained from XRD and GIWAXS of P2-C8 films containing 

increasing amounts of Hg3 are shown in Figure 3-12.  

 
Figure 3-12.  Diffractograms of P2-C8 films containing increasing amounts of Hg3 in 

wt%. In both A) XRD and B) GIWAXS, 100% means pure Hg3 films made in 
the same way as the rest. 

In XRD diffractograms, a small peak around 2 = 6.8 arises and diminishes as 

the concentration of Hg3 increases, which corresponds to a d-spacing of 13.0 Å. This is 

assigned as the lamellar distance in an interdigitating lamellar structure of P2-C8. In 

GIWAXS diffractograms, a distinctive peak around q = 0.47 Å-1 arises and diminishes as 

the concentration of Hg3 increases. This peak corresponds to a d-spacing of 13.4 Å, 

which is consistent with the finding in XRD.  
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Since the density of side chains along the backbone of P2-C8 is half of that of 

P1-C8, the steric hindrance caused by side chains is reduced and Hg3 molecules can 

approach the phenyl groups of P2-C8 more easily than that of P1-C8. Therefore, Hg3 

could help P2-C8 chains to stack in a more ordered fashion, though this effect is not as 

pronounced as it is in P2-O8. 

Scanning Electron Microscopy and Confocal Laser Scanning Microscopy 

Scanning electron microscopy (SEM), optical microscopy, and confocal laser 

scanning microscopy (CLSM) were used to characterize the surface of P1-O8 and P1-

C8 films containing 67% and 50% of Hg3, respectively. The images obtained are shown 

in Figure 3-13.  

 
Figure 3-13.  SEM, optical microscopy, and CLSM images of P1-O8 and P1-C8 films 

containing 67% and 50% of Hg3, respectively. In both A) P1-O8 and B) P1-
C8, SEM image is on the left, the optical microscopy image is in the middle, 
and the CLSM image is on the right. The scale bars are 200 μm, 200 μm, and 
400 μm, respectively. 
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In SEM and optical microscopic images, wire- and branch-shaped features can 

be seen on both P1-O8 and P1-C8 films. Though these features are also on CLSM 

images, the ones on P1-O8 are bright and the ones on P1-C8 are dark. The 

backgrounds of both films are bright. Bright parts indicate the existence of fluorescence 

emission. This can be explained by the different ways P1-O8 and P1-C8 interact with 

Hg3.  

At 67%, Hg3 molecules help P1-O8 form a regular lamellar stacking pattern as 

shown in Figure 3-6B. And according to Figure 3-2B, 67% of Hg3 does not completely 

quench the emission of P1-O8. Therefore, the bright wires seen in the CLSM image of 

P1-O8 are nanowires that consist of both P1-O8 and Hg3, and the bright background is 

mainly the P1-O8 amorphous phase. On the other hand, at 50%, Hg3 molecules mainly 

self-aggregate and disrupt the regular lamellar stacking pattern of P1-C8 as shown in 

Figure 3-11B. Therefore, the dark wires seen in the CLSM image of P1-C8 are Hg3 

crystallites imbedded in the P1-C8 amorphous phase, which is the bright background. 

Energy-dispersive x-ray spectroscopy (EDS) was also used to analyze the same 

two samples characterized by SEM. Elemental distribution maps are shown in Figure 3-

14. Since Hg3 contains Hg and F atoms, both characteristic x-rays from Hg (M) and F 

(K) emissions were collected. Both Hg and F are more evenly distributed in P1-O8 film 

than in P1-C8 film. In the P1-O8 film, though Hg and F are more concentrated in the 

branch-shaped features, they are also present in the background. However, in the P1-

C8 film, Hg and F are almost exclusively concentrated in the branch shaped features, 

which further confirm the conclusion that these features consist of Hg3 alone. 
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Figure 3-14.  SEM images and EDS elemental distribution maps of P1-O8 and P1-C8 

films containing 67% and 50% of Hg3, respectively. In both A) P2-C8 and B) 
P1-C8, the SEM image is on the left, and the EDS distribution maps of Hg (M) 
and F (K) are as labeled. The scale bar is 50 μm. 

Summary 

The interaction between a trimeric perfluoro-o-phenylene Hg3 and six PPE-type 

polymers was studied. In solution, Hg3 triggered P1-O8 chains to aggregate and a 

charge transfer process between excited P1-O8 and Hg3 was observed, which 

indicates a good electronic coupling between the two species. In films, due to 

electrostatic forces, an appropriate amount of Hg3 helped P1-O8, P2-O8, P1-O12, P2-

O12, and P2-C8 to form a more ordered lamellar stacking pattern, and consequently 

increased the degree of crystallinity of the films.  

The following three conclusions can be made by comparing the ways different 

PPE-type polymers interact with Hg3. Frist of all, we compare two PPE-type polymers 

with different side chain lengths, such as P1-O8 and P1-O12. They form the same type 

of lamellar structure, but the one with longer side chains has a larger lamellar distance. 
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Secondly, we compare two PPE-type polymers among which the density of side chains 

on the backbone of one is a half of that of the other, such as P1-O8 and P2-O8. The 

one with higher side chain density forms a regular lamellar structure and the other one 

forms a mixture of interdigitating lamellar structure and interrupted lamellar structure. 

Thirdly, we compare two PPE-type polymers that vary in the structure of the side chain. 

One has oxygen linkers that connect the alkyl side chains to the backbone, and the 

other does not, such as P1-O8 and P2-C8. The one with the oxygen linker has a much 

stronger interaction with Hg3 than the one without. In fact, for the one without the 

oxygen linker, the addition of Hg3 can be detrimental to the crystallinity of the films, for 

Hg3 molecules mainly self-aggregate among polymer chains.  

Above all, Hg3 can be used as an effective additive material that improves the 

charge transport process in films made of various PPE-type polymers due to its abilities 

to force polymer chains to form a more ordered stacking pattern and establish good 

electronic coupling with the backbones. 

Experimental 

Materials 

PPE-type polymers were synthesized by Yajing Yang. Hg3 was synthesized by 

Dr. Kye-Young Kim. All solvents were purchased from Sigma-Aldrich or Fisher 

Scientific. 

Instrumentation 

UV-Visible absorption measurements were carried out on a Shimadzu UV-1800 

dual-beam spectrophotometer. Fluorescence emission measurements were carried out 

on a Photon Technology International spectrophotometer. Femtosecond transient 

absorption measurements were carried out on an Ultrafast Systems Helios Fire 
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transient absorption spectrometer. XRD measurements were carried out on a 

PANalytical X’Pert Powder diffractometer with a wavelength of 1.54 Å. GIWAXS 

measurements were carried out at the Stanford Synchrotron Radiation Lightsource 

SSRL on beamline 11-3 with a wavelength of 0.9742 Å. SEM and EDS imaging and 

mapping were carried out on a FEI Nova NanoSEM 430 microscope equipped with an 

EDS detector. A Nikon LV100 microscope was used to take optical microscopic images. 

CLSM imaging was carried out on a Zeiss 510 Meta Confocal microscope by Yun 

Huang. 
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CHAPTER 4 
THE INTERATION BETWEEN E-DFS AND PPV DERIVATIVES AND ITS 

APPLICATION IN PPV-BASED PSC 

Background 

Polymer solar cell (PSC) has been a popular topic of research for the past few 

decades due to its potential to be the next generation affordable and clean energy 

source.30 In order to improve the performance of PSCs, many methods have been 

designed to optimize the active layer morphology, which is a key factor that influences 

device performance, especially in a device with bulk heterojunction (BHJ) morphology.80 

In Chapter 2, we reported a trimeric perfluoro-ortho-phenylene mercury (Hg3) that can 

be used as an active layer additive due to its ability to help poly(2-methoxy,5-(2’-

ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV) chains to stack in a more ordered 

fashion, which resulted in an increased power conversion efficiency (PCE) in BHJ PSC 

devices using MEH-PPV as the donor material. The interaction between Hg3 and MEH-

PPV is electrostatic in nature, and Hg3 acts as a Lewis acid because of the positive 

electrostatic potential on the center of the molecule.90 However, due to the toxicity of 

organomercurials,108 Hg3 is limited in terms of its commercial application. Therefore, it 

is important to search for a mercury-free active layer active that has similar effect on 

PSCs as Hg3. 

Perfluorinated aromatic compounds are excellent electron acceptors at their  

faces and the strong interaction between aromatic and perfluorinated aromatic 

compounds are well documented.109 E-decafluorostilbene (E-DFS) and E-stilbene were 

reported to form a highly ordered face-to-face supramolecular motif of alternating 

molecules.110 This happened through an electrostatic interaction where E-DFS acted as 

a Lewis acid. The repeating unit of MEH-PPV resembles E-stilbene and it is likely to be 
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more nucleophilic than E-stilbene due to the oxygen linkers between the backbone and 

side chains, for the reasons discussed in Chapter 3. Therefore, it is reasonable to 

expect that E-DFS would also interact with the backbone of MEH-PPV through 

electrostatic force and help the polymer chains to stack in a more ordered fashion. The 

structures of E-DFS and MEH-PPV are shown in Figure 4-1.  

 
Figure 4-1.  Structures of E-DFS and MEH-PPV. 

In this study, we examined how E-DFS influenced the UV-Visible absorption and 

the morphology of MEH-PPV films. We also used E-DFS as an active layer additive for 

BHJ PSCs containing MEH-PPV as the donor material. We attributed the resulting 

enhanced device performance to the improved exciton diffusion and charge transport 

efficiency. Additionally, by comparing quadrupole moments of representative molecules, 

we elucidated the reason why different additive and polymer pair demonstrates different 

strength of interaction. 

Results and Discussion 

UV-Visible Absorption Spectroscopy 

The UV-Visible absorption of MEH-PPV films was influenced by the addition of E-

DFS as is shown in Figure 4-2. E-DFS is transparent and has no absorption in the 
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visible region. MEH-PPV originally has a strong absorption peak around 510 nm, but as 

E-DFS concentration increases, this peak red-shifts and another peak arises around 

570 nm. These spectral changes are similar to what was observed in MEH-PPV films 

when Hg3 was added, as shown in Chapter 2, though not as pronounced. Therefore, it 

is speculated that E-DFS triggered the aggregation of MEH-PPV chains through 

electrostatic interactions due to the positive electrostatic potential on the centers of 

benzene rings of E-DFS. When E-DFS was added in MEH-PPV solution, no such 

phenomenon was observed. 

 
Figure 4-2.  UV-Visible absorption spectra of MEH-PPV thin films with increasing 

amounts of E-DFS (wt%). 

PSC Efficiency 

BHJ PSCs containing MEH-PPV and [6,6]-phenyl-c61-butyric acid methyl ester 

(PC61BM) as the donor and acceptor materials, with different amounts of E-DFS were 

fabricated and tested in order to examine the influence of E-DFS on device 

performance. The weight ratio between MEH-PPV and PC61BM is maintained at 1:4.80 

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was used as 

the hole transporting layer on indium tin oxide (ITO) anode, and lithium fluoride (LiF) 
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was used as the electron transporting layer on Al cathode. Devices were fabricated 

according to the following structure (ITO/PEDOT:PSS/active layer/LiF/Al) and tested 

under AM1.5 condition in air. Their current density and voltage (J-V) characteristics are 

summarized in Table 4-1. From 0% to 5% added E-DFS, Jsc and PCE increase as the 

concentration of E-DFS increases. However, around 9%, Jsc and PCE start to decrease 

with the concentration of E-DFS. Therefore, an appropriate concentration of E-DFS 

improves the device performance, but when the concentration of E-DFS exceeds a 

threshold, E-DFS starts to compromise the device performance. 

Table 4-1.  J-V characteristics of BHJ PSCs. 

E-DF (wt%) Voc
a
 (V) Jsc

a
 (mA/cm2) FFa (%) PCEa (%) 

0 0.9 ± 0.00 3.7 ± 0.07 45 ± 0.7 1.4 ± 0.04 

2 0.8 ± 0.00 4.4 ± 0.16 46 ± 1.5 1.7 ± 0.04 

5 0.8 ± 0.01 4.2 ± 0.05 44 ± 0.6 1.5 ± 0.04 

9 0.8 ± 0.01 2.7 ± 0.09 41 ± 0.6 0.8 ± 0.04 

aListed values are the averages of results from 16 pixels on 2 different devices. 

Devices with inverted architecture were fabricated according to the following 

structure (ITO/ZnO/active layer/MoO3/Ag) and their J-V characteristics are summarized 

in Table 4-2. The results are consistent with that of devices with conventional 

architecture. 

Table 4-2.  J-V characteristics of BHJ PSCs with inverted architecture. 

E-DFS (wt%) Voc
a
 (V) Jsc

a
 (mA/cm2) FFa (%) PCEa (%) 

0 0.9 ± 0.01 3.3 ± 0.08 46 ± 0.0 1.3 ± 0.03 

2 0.9 ± 0.00 4.2 ± 0.07 46 ± 0.5 1.7 ± 0.03 

5 0.8 ± 0.01 4.2 ± 0.16 46 ± 1.3 1.6 ± 0.03 

9 0.7 ± 0.00 2.3 ± 0.08 48 ± 0.7 0.8 ± 0.03 

aListed values are the averages of results from 16 pixels on 2 different devices. 
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The influence E-DFS has on the performance of PSC devices is similar to what 

was observed in Chapter 2 when Hg3 was used as an active layer additive. Thus, it is 

reasonable to attribute this effect to the ability of E-DFS to trigger the aggregation of 

MEH-PPV and help the polymer chains to stack in a more ordered fashion in the active 

layer. The resulting morphology improves both exciton diffusion and charge transport 

processes, which leads to higher Jsc and PCE.26 

Atomic Force Microscopy 

Atomic force microscopy (AFM) was used to characterize the surface of the 

active layers of PCS devices with increasing amounts of E-DFS. The resulting height 

images are shown in Figure 4-3. As the concentration of E-DFS increases, the 

roughness of the film surface increases, and its value becomes significantly high at 5% 

of E-DFS. This indicates that large aggregates appear when the concentration of E-DFS 

approaches 5%. 5% corresponds to a 1:4 weight ratio between E-DFS and MEH-PPV in 

the active layer film. 

 Severe aggregation is detrimental to PSC device performance mainly due to two 

reasons. First, severe aggregation in any phase of the active layer disrupts and alters 

the morphology of the active layer, which is crucial for photocurrent generation.80 

Second, the resulted rough surface of the active layer is not able to form good contacts 

with electrodes during thermal evaporation, which leads to lower charge collection 

efficiency.41 It is speculated that E-DFS begins to self-aggregate among the polymer 

chains when its concentration exceeds a certain threshold and forms large crystallites, 

which lead to high surface roughness of the active layer and consequently 

compromised device performance. 
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Figure 4-3.  AFM height images the active layers containing different amounts of E-DFS 

in wt%. 

X-ray Diffraction and Grazing Incidence Wide Angle X-ray Scattering 

X-ray diffraction (XRD) and grazing incidence wide angle x-ray scattering 

(GIWAXS) were used to examine the influence of E-DFS on the crystallinity of MEH-

PPV films. Diffractograms obtained from XRD and GIWAXS of MEH-PPV films 

containing increasing amounts of E-DFS are shown in Figure 4-4. In XRD 

diffractograms, a distinctive peak around 2 = 6.4 arises as the concentration of E-DFS 

increases. This peak corresponds to a d-spacing of 13.8 Å, which is the lamellar 

distance of MEH-PPV in the crystalline region.93 The same trend can be seen in 

GIWAXS diffractograms where a distinctive peak around q = 0.49 Å-1 arises as the 

concentration of E-DFS increases. This peak corresponds to a d-spacing of 12.8 Å, 

which is consistent with the finding in XRD. Results from both XRD and GIWAXS 

confirm that when E-DFS triggers MEH-PPV to aggregate, it also induces the polymer 
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chains to stack in a more ordered fashion, which leads to a more crystalline MEH-PPV 

phase in films. Furthermore, in Figure 4-4A, a sharp peak around 2 = 17 appears at 

20% and persists as the concentration of E-DFS increases. This is a characteristic peak 

of E-DFS crystal as shown on the diffractogram of 100% E-DFS film. Therefore, E-DFS 

molecules begin to self-aggregate when their concentration approaches 20% in the 

polymer films, which is consistent with the AFM findings. 20% corresponds to a 1:4 

weight ratio between E-DFS and MEH-PPV in films.  

 
Figure 4-4.  Diffractograms of MEH-PPV films containing increasing amounts of E-DFS 

in wt%. In both A) XRD and B) GIWAXS diffractograms, 100% means pure 
Hg3 films made in the same way as the rest. 

GIWAXS 2D images of MEH-PPV films containing increasing amounts of E-DFS 

are shown in Figure 2-12. From 0% to 33%, the outer ring shrinks and a dot on the qz 

axis appears and intensifies, which is due to the crystallization of MEH-PPV chains. 

Also, two arcs appear on qxy axis, which is due to the crystallization of E-DFS. 

Therefore, E-DFS molecules not only help MEH-PPV chains to stack in a more ordered 

fashion, they also self-aggregate and form crystallites when their concentration is as low 
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as 11% in the film. 11% of E-DFS in a MEH-PPV film correspond to a 1:8 weight ratio 

between E-DFS and MEH-PPV. This ratio is the same as that of the active layer film 

containing 2% of E-DFS. This is consistent with the finding in the analysis of AFM height 

images. Additionally, without E-DFS, MEH-PPV adopted a random backbone orientation 

on the substrate, but the addition of Hg3 changed the backbone orientation to 

predominately edge-on.49 

 
Figure 4-5.  GIWAXS 2D images of MEH-PPV pristine films containing increasing 

amounts of E-DFS in wt%. The horizontal axis corresponds to qxy and the 
vertical axis corresponds to qz. 

Quadrupole Moment Comparison 

When comparing E-DFS and Hg3 in terms of their ability to interact with MEH-

PPV, it is clear that Hg3 is a stronger Lewis acid than E-DFS, since the interaction is 

electrostatic in nature. Along the course of studies included in this dissertation, many 

other conjugated polymers in addition to MEH-PPV were tested to verify their ability to 
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interact with Hg3. The structures and names of all polymers that were tested are shown 

in Figure 4-6.  

 
Figure 4-6.  Structures of tested conjugated polymers. Poly[2-methoxy-5-(3,7-

dimethyloctyloxy)-1,4-phenylene-vinylene] (MDMO-PPV), poly[2,7-(9,9-di-
octyl-fluorene)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole] (PFO-TBT), 
poly(9,9-dioctylfluorene-alt-bithiophene) (F8T2), poly[2-methoxy-5-(2-
ethylhexyloxy)-cyanoterephthalylidene] (MEH-CN-PPV), poly(2,5-dioctyloxy-
1,4-phenyleneethynylene) (DOO-PPE), poly(2,5-dioctyl-1,4-
phenyleneethynylene) (DOC-PPE). 

Among PPV-type polymers, MEH-PPV and MDMO-PPV both have strong 

interaction with Hg3. They aggregate in dilute solution when Hg3 is added as discussed 

in Chapter 2. However, MEH-CN-PPV does not demonstrate any interaction with Hg3 in 

solution or films. Among PFO-type polymers, neither PFO-TBT nor F8T2 demonstrates 

any interaction with Hg3. Among PPE-type polymers, DOO-PPE (P1-O8) has moderate 

interaction with Hg3. In order for the aggregation to happen, DOO-PPE solution needs 

to be much more concentrated than MEH-PPV. Thus, this interaction is weaker than 
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that between MEH-PPV and Hg3. On the other hand, DOC-PPE(P1-C8) does not 

demonstrate any interaction with Hg3.  

To understand the cause of different behaviors between Hg3 and E-DFS, and 

among these conjugated polymers, the quadrupole moments of Hg3, E-DFS, and a 

series of model compounds that resemble the repeating units of these conjugated 

polymers were calculated. Long alkyl chains were reduced to methyl groups because 

they contribute to the quadrupole moment of the core equally. The structures of these 

compounds and corresponding quadrupole moments are shown in Figure 4-7. The 

quadrupole moment is a description of the molecular charge distribution and it is an 

important factor for modeling the origin of the electrostatic forces that exist between 

molecules.111 The unit of quadrupole moment is D Å. As a general rule, the more 

positive the quadrupole moment is, the more electrophilic the molecule is, and the more 

negative the quadrupole moment is, the more nucleophilic the molecule is. 

 
Figure 4-7.  Structures of model compounds, Hg3, and E-DFS with their quadrupole 

moments.  
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The quadrupole moment of Hg3 is more positive than E-DFS, which means Hg3 

is more electrophilic than E-DFS. The repeating unit of the MEH-PPV and MDMO-PPV 

has the most negative quadrupole moment, which is why MEH-PPV and MDMO-PPV 

demonstrate the strongest interaction with Hg3. The repeating unit of DOO-PPE has the 

second most negative quadrupole moment, which explains why its interaction with Hg3 

is weaker than that of MEH-PPV, which is likely due to the low rotational energy barrier 

of DOO-PPE. It is, however, still nucleophilic enough for polymer chains to be attracted 

to Hg3 molecules and aggregate around them. This is not the case for the repeating unit 

of DOC-PPE, whose quadrupole moment is even less negative due to the absence of 

electron-donating the oxygen linkers.  

Though the repeating unit of PFO-type polymers is more nucleophilic than that of 

DOC-PPE, it is likely not nucleophilic enough for polymer chains to be attracted to Hg3 

molecules and aggregate around them. Therefore, the PFO-type polymers did not 

demonstrate any interaction with Hg3. The most interesting result comes from the 

repeating unit of MEH-CN-PPV, which has a very large and positive quadrupole 

moment. It seems that the two cyano groups on the double bonds are so electron-

withdrawing that they turn a very nucleophilic compound into a very electrophilic one. 

This explains why no interaction between MEH-CN-PPV and Hg3 was observed. 

Quadrupole moment accounts for the electronic effect only. As discussed in Chapter 3 

steric effect also plays a role in determining how a polymer interact with Hg3. 

Summary 

E-DFS was studied as a novel active layer additive material for BHJ PSCs based 

on the MEH-PPV:PC61BM blend system. In films, MEH-PPV chains were forced to 

aggregate due to electrostatic interaction with E-DFS molecules, and formed a more 
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ordered lamellar stacking pattern, which increased the degree of crystallinity of the 

polymer phase. Due to reduced disorder effects, exciton diffusion and charge transport 

efficiencies during photocurrent generation are both improved. As a result, the addition 

of 2% of E-DFS in the active layer increased PCE by 30%, which suggests that E-DFS 

can be used as an effective active layer additive for PSCs. Furthermore, by comparing 

the quadrupole moments of representative molecules, we confirmed that a more 

positive quadrupole moment on the additive molecule and a more negative quadrupole 

moment on the repeating unit of the conjugated polymer both lead to a stronger 

interaction between the two species. This finding would be greatly beneficial in 

designing effective additive and polymer pairs for PSC application in the future. 

Experimental 

Materials 

All polymers and PC61BM were purchased from American Dye Source Inc. 

PEDOT-PSS (Baytron P VP Al 4083) solution was purchased from Heraeus 

Deutschland GmbH & Co. KG. All other compounds and solvents were purchased from 

Sigma-Aldrich or Fisher Scientific. E-DFS was synthesized by Yan Zhao. 

Instrumentation 

UV-Visible absorption measurements were carried out on a Shimadzu UV-1800 

dual-beam spectrophotometer. XRD measurements were carried out on a PANalytical 

X’Pert Powder diffractometer with a wavelength of 1.54 Å. GIWAXS measurements 

were carried out at the Stanford Synchrotron Radiation Lightsource SSRL on beamline 

11-3 with a wavelength of 0.9742 Å. AFM imaging was carried out on a Veeco Innova 

Microscope in tapping mode. The PSC device fabrication and efficiency characterization 

methods are identical to the ones described in Chapter 2. 
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Quadrupole Moment Calculation  

Quadrupole moment calculation was performed by Jason Zeman. All calculations 

were performed with the Gaussian 09 (Revision D.01) suite of programs using DFT 

methods. Calculations were done in vacuum. Singlet state geometries were optimized 

using the B3LYP hybrid functional in conjunction with the 6-31+G(d) basis set. An 

ultrafine integration grid was used and the optimizations were subjected to symmetry 

constraints. The primitive quadrupole moment tensor was taken from these results and 

converted into an axis-specific traceless quadrupole moment using the formula 

′QZZ= 1/2 (3QZZ - Tr[Q]) where Q is the primitive quadrupole moment tensor, QZZ is the 

zz component of Q, ′QZZ is the corresponding traceless value that is reported, and the z-

axis is defined as the out-of-plane direction for each compound. Other axes and off 

diagonal elements to the quadrupole moment were not considered.112
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CHAPTER 5 
CONCLUSION 

The past few decades have seen much growth in the field of polymer solar cells 

(PSCs) due to their unique properties, such as light weight, flexibility, and low cost, in 

comparison with traditional inorganic solar cells. Though the power conversion 

efficiency (PCE) of PSCs has already exceeded the critical threshold of 10%, many 

hurdles still exist before widespread commercial applications can take place. One major 

problem of organic materials in general is the fact that they are not as ordered as 

inorganic materials. This lack of crystallinity in organic films significantly affects the 

generation of photocurrent in PSCs as it results in inefficient exciton diffusion and 

charge transport, two crucial processes during the generation of photocurrent. 

Therefore, it is important to improve the stacking of polymers in PSCs towards a higher 

degree of crystallinity. Furthermore, this improvement will not only benefit PSCs, but 

also other organic electronic devices such as organic light-emitting diode (OLED) and 

organic field effect transistor (OFET), which also rely on efficient charge transport for 

enhanced performance. 

In Chapter 2, a trimeric perfluoro-o-phenylene mercury compound Hg3 was 

observed to trigger poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-

PPV) chains to aggregate in solution. Similar phenomenon was also seen in films where 

Hg3 caused MEH-PPV chains to form a more ordered stacking pattern, and 

consequently increased the degree of crystallinity of the polymer phase. Femtosecond 

transient absorption spectroscopy revealed a charge transfer process between excited 

MEH-PPV and Hg3, which indicated strong - electronic coupling between the two. It 

was demonstrated that the addition of 3% of Hg3 in the active layer increased PCE by 
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33%, which suggest that Hg3 can be used as an effective active layer additive for 

PSCs. 

In Chapter 3, Hg3 was mixed with two series of phenyleneethynylene (PPE) 

polymers. It was observed that Hg3 has a strong interaction with the series containing 

oxygen linker, but has a weak interaction with the series containing carbon linker. Hg3 

triggered P1-O8 to aggregate in solution and caused polymer chains to adopt a more 

ordered stacking pattern in films. Femtosecond transient absorption spectroscopy 

revealed a charge transfer process between excited P1-O8 and Hg3 as well. These 

findings are similar to those observed in Chapter 2 between Hg3 and MEH-PPV. Such 

phenomenon, however, was not observed between Hg3 and P1-C8. Both fluorescence 

confocal microscopy and scanning electron microscopy (SEM) confirmed that Hg3 self-

aggregate among P1-C8 chains instead of aggregating with polymers.  

In Chapter 4, E-decafluorostilbene (E-DFS) was examined as a mercury-free 

alternative to Hg3. Though the interaction between E-DFS and MEH-PPV was shown to 

be weaker than that between Hg3 and MEH-PPV, E-DFS still caused MEH-PPV 

polymers to stack in a more ordered fashion in films. It was then demonstrated that the 

addition of 3% of E-DFS in the active layer increased PCE by almost 20%. Furthermore, 

the results of testing the interactions between various conjugated polymers with Hg3 

and E-DFS, respectively, as well as the results of quadrupole moment calculation of the 

repeating units of the polymers and additives, confirm that the nature of the interaction 

between conjugated polymers and additives to be electrostatic. A general guideline for 

predicting conditions under which such interaction within an additive and polymer pair 

would occur was summarized as well.
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