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ABSTRACT 

IMPROVING THE EFFICIENCY OF ORGANIC SOLAR CELLS BY VARYING THE 
MATERIAL CONCENTRATION IN THE PHOTOACTIVE LAYER 

Kevin Anthony Latimer 
Old Dominion University, 2011 
Director: Dr. Gon Namkoong 

Polymer-fullerene bulk heterojunction solar cells have been a rapidly improving 

technology over the past decade. To further improve the relatively low energy 

conversion efficiencies of these solar cells, several modifications need to be made to the 

overall device structure. Emerging technologies include cells that are fabricated with 

interfacial layers to facilitate charge transport, and tandem structures are being introduced 

to harness the absorption spectrum of polymers with varying bandgap energies. 

When new structures are implemented, each layer of the cell must be optimized in 

order for the entire device to function efficiently. The most volatile layer of these devices 

is the photoactive layer solution of poly-3(hexylthiophene-2,5-diyl) (P3HT) and [6,6]-

phenyl-C6i-butyric acid methyl ester (PC6iBM). Even slight variations in pre-application 

and post-treatment will lead to large variations in the electrical, physical, and optical 

properties of the solar cell module. 

To improve the effectiveness of the photoactive layer, the material concentration 

of P3HT and PC61BM in the liquid phase, prior to application, was altered. The weight 

ratio of P3HT to PC61BM was kept at a constant 1 to 0.8, while the amounts of each 

dissolved in 2 mL of chlorobenzene were varied. Solar cells were fabricated, and J-V 

characterizations were performed to determine the electrical traits of the devices. Atomic 

force microscopy (AFM) measurements were done on the photoactive layer films to 



determine the physical characteristics of the films such as overall surface topology and 

RMS roughness. Also, variable angle spectroscopic ellipsometry (VASE) was used to 

determine film thickness and extinction coefficient of the active layers. To further 

understand the optical properties of the polymer-fuUerene blend, the absorption spectrum 

of the films were calculated through UV-VIS spectrophotometry. 

It was found that an increased concentration of the polymer-fullerene blend prior 

to application increased overall device efficiency. A photoactive layer solution prepared 

with 30 mg P3HT and 24 mg PC61BM, when implemented in an organic solar cell, 

produced the optimal electrical, physical, and optical characteristics. 
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CHAPTER I 

INTRODUCTION 

LI Solar Cell History 

The history of solar cells dates back to as early as 1839, when scientist Edmond 

Bequerel observed current flow through two illuminated electrodes that were submerged 

in water [1]. Since then, a great deal of research and development on photovoltaic (PV) 

modules has been done, with the most significant progress coming from large research 

groups such as Bell Laboratories [2] and government research teams [3]. In the 1800s 

and well into the 1900s, there was minimal understanding of the solid state physics 

behind solar cell operation. The technology was raw and undeveloped but a popular 

research interest; the ability to harness the limitless, clean power of the sun was a very 

attractive option for a growing energy market [4], 

Some of the main factors that pushed for the development of solar energy in 

recent decades have been the applications of solar panels in the aeronautics industry [5] 

and the oil crisis in the 1970s [1]. The volatile nature of the petroleum market has 

produced an interest in developing a more sustainable, renewable form of energy [6,7]. 

On top of this, the increasing concerns of global warming have demanded the 

development of a cleaner source of energy [8]. 

Today, the market for solar cells is dominated by silicon-based modules. 

Monocrystalline silicon panels have efficiencies of almost 25% [9,10], lifetimes of up to 

30 years [10], and virtually no maintenance or upgrade costs, making them an attractive 

renewable energy option [11]. However, silicon panels do have their caveats. 



Approximately 70% of the cost of a silicon solar panel lies in the wafer production [12]. 

Also, the shortages of silicon feedstock have pushed the industry to spend money 

developing new ways to produce solar-grade silicon [12]. 

Best Research-CeH Efficiencies ONREL 

1975 1980 1985 1990 1995 20Q"S 2005 2010 

Figure LI: Record PV cell efficiencies since 1975 [9] 

Furthermore, the efficiencies of silicon solar cells have remained stagnant. As 

shown in Figure 1.1, the efficiencies of single crystal silicon solar cells have been stuck 

in the 20-25% range since the 1980s [9]. Similar to the global energy market, it would 

be wise to develop new PV technologies to supplement the field. Diversification of the 

solar cell market will allow emerging technologies to fill the niches that silicon based 

modules cannot [13], making the field of solar energy more robust. In response to this, 

other types of non-silicon research cells have been developed over the past few decades 
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including a variety of solid inorganic thin film technologies [14,15], dye-sensitized cells 

[16], and organic solar cells [17]. 

1.2 Organic Solar Cells 

Organic Solar Cells (OSCs) are an emerging PV technology that could soon 

challenge the dominance of silicon based modules [4,6,18,19]. OSCs are thin film 

devices that are comprised of carbon-based chemicals. While the two electrodes of the 

cells are solid films of metal or metal oxide, the organics that make up the bulk of the 

cell can be processed in solution form [4]. The layer that harvests electrons is the 

photoactive layer, and is a combination of two organic chemicals: the polymer poly(3-

hexylthiophene-2,5-diyl) (P3HT) and the fullerene derivative [6,6] phenyl C(,\ butyric 

acid methyl ester (PCgiBM) [20]. These two chemicals are dissolved in an organic 

solvent and spin coated onto the substrate of the cell. The purpose of these two 

chemicals is to absorb light from the sun, generate free electron-hole pairs, and transport 

them to the charge collection interfaces [20]. 

The organic solar cell offers unique advantages over their silicon counterparts. 

Since the bulk of the solar cell is applied in solution form, production can be speedy and 

low in cost [4,13]. Also, the substrates that the cells are fabricated on can be flexible 

plastic, opening up endless possibilities of large-area solar panels [13,21]. The OSC 

structures are also thin and lightweight; in the future, it is possible that organic PV 

(OPV) modules could be mounted on buildings, satellites, cars, and other inanimate 

objects without adding increased bulk. 
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Referring back to Figure 1.1, the efficiency of OPV modules has increased from 

2.5% [21] to 7.4% [22] over the past decade. Due to the flexible nature of the device 

structures and polymer chemistry [18], novel improvements have propelled the research 

forward. In 1995, it was discovered that mixing the polymer and fullerene together in 

the same blend produced an efficient electron donor-acceptor network [23], referred to 

as a bulk heteroj unction (BHJ). As seen in Figure I.l, exponential increases in 

efficiencies, which correspond to further innovations in organic solar cell physics, began 

in 2003 and 2009. In 2003, scientists began to use a new polymer in the active layer 

[20], and in 2009, researchers began stacking cells on top of one another to form tandem 

structures [24]. This type of innovation shows that slight alterations in the physical 

structure and composition of polymer solar cells lead to novel and improved devices 

over time. 

1.3 Challenges Facing Organic Solar Cell Technology 

Unfortunately, there are several more obstacles to overcome before OPV 

modules can be a marketable product. The two main problems with the technology right 

now are low device efficiencies and severe degradation of the modules in ambient air. 

Even after a few hours in the atmosphere [25,26], the solar cell efficiency begins to 

suffer, stemming from the accumulation of water in the organic polymers [25] and the 

breakdown of the polymer-cathode interface [26]. 

The low efficiency of these polymer solar cells comes from the limitations of the 

photoactive layer materials. The bandgap energy of a material is the required energy to 

excite an electron from the highest occupied molecular orbital (HOMO) to the lowest 
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unoccupied molecular orbital (LUMO), which can ultimately result in current flow [19]. 

For most organic semiconductors, the bandgap energy is greater than or equal to 2 eV, 

which is high for PV applications; because of this, the wavelengths that the active layer 

can absorb are severely limited [27]. This spectral mismatch leads to low charge carrier 

concentration and, in turn, low current density and low efficiency [17]. In efforts to 

remedy this, scientists in 2003 implemented the new polymer P3HT into the photoactive 

layer [28], which has band gap energy just under 2 eV. This extended the absorption 

spectrum of the photoactive layer to higher wavelengths in the visible spectrum and into 

the near infrared range (700 nm). 

Another limitation in OSC efficiency is the carrier lifetime of electron-hole pairs 

(excitons) generated in the active layer. Once the excitons are generated, they must 

quickly diffuse to the interfaces before they lose energy and recombine [4]. For typical 

semiconducting polymers, the diffusion length for photo-generated excitons is around 10 

nm, with lifetimes in the nanosecond range [4,29]. 

L4 Goal and Outline of Thesis Research 

As stated earlier, the major limitations of the device efficiency of polymer solar 

cells are the limited absorption profile of the organics in the active layer [27] and the 

short carrier lifetime of the charges [4,29]. In this thesis research, it is proposed that by 

increasing the concentration of chemicals (P3HT and PCBM) in the photoactive layer 

blend, the device efficiency will increase due to a higher degree of absorption. 

If an increased amount of polymer and fullerene are in the active layer, the 

incoming photons will have more molecules to excite, which will generate more 
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excitons [30]. Since the network of polymer and fullerene will be more densely packed, 

the charges will also have greater mobility due to the increased crystalline nature of the 

active layer. One limitation of this experiment will be how dense the layer can be 

packed; increased active layer density will result in a thicker photoactive layer. If the 

layer is too thin, absorption will be limited, but a larger percentage of the excitons will 

be able to diffuse to the interfaces. Conversely, if the active layer is too thick, the 

excitons will suffer from recombination and stray resistances [4,31] before they can 

diffuse to the charge collecting interfaces. Studies report [4,32] that the optimal 

thickness of the photoactive layer in this structure of polymer solar cells lies in the range 

of 60-100 nm. 

In this thesis, the effects of increasing the active layer density on solar cell 

performance will be investigated. Four different photoactive layer blends with varying 

concentrations will be tested. For each active polymer, solar cells will be fabricated and 

characterized electrically to calculate the percent efficiency (PCE). Several cells will be 

fabricated for each polymer blend to determine the optimal thickness for each unique 

blend. Once the optimal film thicknesses for the four photoactive layer blends have 

been determined, additional characterization techniques will be employed to learn more 

about the underlying physical and optical characteristics. 

Atomic force microscopy (AFM) will be used to view physical topology and 

roughness of the active layers. Spectroscopic ellipsometry (SE) and ultra-violet-visible 

(UV-Vis) spectrophotometry measurements will be used to determine overall absorption 

spectrum, extinction coefficient values, and where the local absorption peaks are for 

each active layer blend. Understanding the underlying physical and optical properties of 
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the photoactive layers will provide a thorough explanation as to why certain active 

layers are more efficient than others. 
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CHAPTER II 

SOLAR CELL PHYSICS 

II. 1 Introduction 

To fully understand the study at hand, a fundamental knowledge of organic solar 

cell physics is crucial. This section will briefly describe the charge transport 

mechanisms in conjugated chemical systems. An in-depth description of the photoactive 

layer contents (P3HT and PCBM) will be provided. Furthermore, a description of the 

overall device structure will be given, and operation of the OSC will be explained. 

II.2 Conjugated Chemical Systems 

The unique electrical properties exhibited by organic semiconductors stem from 

the alternating single and double bonds among the carbon atoms in the materials [4,33], 

which by definition is a conjugated system. The two most frequently occurring covalent 

bonds between molecules are sigma (a) and pi (7i) bonds. Sigma bonds are characterized 

by the electron orbitals of the two atoms being lined up along the same axis, and pi 

bonds occur when remaining p-orbitals overlap on one of the axes. 

For typical conjugated organic semiconductors, including the ones used in 

polymer solar cells, a single carbon atom will have either two or three neighboring 

atoms and always two neighboring carbons [33,34,35]. The formation of the pi bonds is 

due to the alternating single and double bond nature of conjugated polymers and the 

valence structure of carbon (2s 2p ). When two carbons have a single bond, this means 

that they will be double bonded with the carbons on the opposite sides. Therefore, each 
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carbon will be sharing a total of 3 electrons and will be sigma bonded on 3 different 

axes. The 2 s-orbital electrons will bond first, and one of the p-orbital electrons will 

bond, leaving one remaining p-orbital electron in the valence band of both carbons. The 

overlapping of these remaining p-orbital electrons is by definition a pi bond [4,36]. 

The alternating pi bonds among the carbons throughout the polymer are said to 

be delocalized in nature, which means that they do not belong to a specific atom [4,37]. 

The flexibility of the delocalized pi electrons is of special interest to polymer physics 

and especially in solar cell applications because pi-bonded electrons can readily absorb 

photons and create photogenerated charge carriers [4,35]. Furthermore, when a 

delocalized pi system is brought into contact with another donor or acceptor material, it 

has been observed that the conductivity of the conjugated polymer increases, changing 

the electric properties of the chemical from an insulator to that of a conductor [37]. 

Also, since the pi bonds are significantly weaker than the sigma bonds, the bandgap 

energy of the polymer is characterized by the energy required to excite a pi bonded 

electron from the HOMO to the LUMO [4]. The sigma bonds, which are still rather 

important, provide electrochemical stability for the polymer [4]. 

Both P3HT and PCBM are materials that have a conjugated base structure. Also, 

the hole transporting layer in the cell, poly(3,4-ethylenedioxythiophene):poly(4-

styrenesulfonate) (PEDOT:PSS), is comprised of thiophene and styrene chains, which 

are also conjugated polymers. The delocalized pi electrons in these polymers give them 

their unique semiconducting properties and make them suitable choices for OSC 

applications [4,33,35,37]. 
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II.3 Photoactive Layer Composition 

Traditional solid state donor-acceptor systems occur at an abrupt p-n junction 

[33,38]. When electron-hole pairs are generated, it is the job of the p-type material to 

transport the holes, and the n-type material to transport electrons. The bulk 

heteroj unction structure, on the other hand, provides an intertwined network of donor 

and acceptor molecules [23,27], which are P3HT and PCBM in modern organic solar 

cells. 

IL3.1 P3HT 

Poly(3-hexylthiophene-2,5-diyl) (P3HT) is a conjugated polymer that is used as 

a hole transporter in the photoactive layer blend [39]. Alone, a thiophene chain is not 

soluble in common organic solvents, nor is any conjugated polymer [23]. Since the 

photoactive layer is to be solution processable, a side chain (C6H13) is added onto the 

third carbon atom (counting clockwise from the sulfur atom), making the molecule 

soluble in common organic solvents such as 1- or 2-chlorobenzene or chloroform [34]. 

The 2,5-diyl suffix on the name of the polymer corresponds to the second and 

fifth molecules (still counting clockwise starting with the sulfur) joining the thiophenes 

together; this 2,5 structure is known as a head-to-tail configuration [34]. Other 

configurations such as head-to-head and tail-to-tail can alter the alignment of the 

thiophene bonds, resulting in lower levels of conjugation, and increased energy 

bandgaps [23,34]. 



Figure II.l: (a) A monomer of the P3HT polymer, and (b) regioregular P3HT structure 

A thiophene chain exhibits the highest levels of optical absorption when the 

thiophenes are joined together in successive head to tail fashion [24]. The percentage of 

monomers in the polymer that are joined in a head to tail fashion is referred to as the 

degree of regioregularity in the polymer [40,41]. Figure II.l pictorially shows a single 

monomer of P3HT and also the regioregular structure of the polymer. Due to 

imperfections in the synthesis process, 100% regioregularity is not possible, but 

electronic grade P3HT will have regioregularity values in the 90-94% range, according 

to Rieke Metals, Inc., the manufacturer from which P3HT is obtained. Increased 

regioregularity in the P3HT leads to favorable electrochemical properties such as 

increased lamellar stacking, a higher degree of conjugation, and a higher absorption 

coefficient, all leading to more efficient hole transport in OSC applications 

[23,24,40,42]. 

II.3.2 PC6iBM 

[6,6] Phenyl C6i butyric acid methyl ester (PC6iBM, or PCBM) is a fullerene 

derivative used as an electron acceptor in OSC applications [27]. The 60 carbons that 

make up the body of the derivative are the perfectly spherical buckminsterfullerene C6o, 

which is a very stable structure [43,44,45]. The highly conjugated system is very stable 

because of the nearly identical bond lengths among the carbons due to the spherical 
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nature of the molecule, resulting in few or no delocalized electrons [44,45]. A single 

molecule of PCBM is shown in Figure II.2 to demonstrate its spherical symmetry and 

highly conjugated nature. 

Figure IL2: The fullerene derivative PC6iBM 

To make the fullerene soluble, and to also fine-tune the electrical properties of 

the chemical, a side chain is added onto the body [44]. The [6,6] notation means that 

during processing of PCBM, the side chain is added in a "closed loop" fashion, making 

the molecule a methanofuUerene [44]. Although adding the side chain slightly decreases 

stability by breaking the conjugation of the carbons, it is the only option that produces a 

stable, soluble fullerene [44]. The spherical shape of the fullerene derivative is 

advantageous because in charge transport systems, molecules have good contacts with 

their surroundings no matter what the orientation of the molecule is [45]. 

II.4 Organic Solar Cell Structure 

As discussed, the photoactive layer of the OSC consists of the bulk 

heteroj unction structure of P3HT and PCBM. Other materials must also be employed to 
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transport the holes and electrons to the electrodes. The substrate on which the cells will 

be fabricated is glass, which provides a transparent base that allows photons to pass 

through with minimal diffraction. On top of the glass is the transparent conducting 

oxide indium tin oxide (ITO), which is the anode of the structures [46]. According to 

the manufacturer of the ITO-patterned glass, NanoCS, the 100 nm films of ITO exhibit 

optical transmittance of over 80%, which allows for superior photon transmission to the 

active layer. On top of this, ITO exhibits high conductivity [47] and has a work function 

of 4.7 eV [46], which makes it an ideal choice for an anode in OSC structures. 

On top of the ITO layer is a thin film of poly(3,4-ethylenedioxythiophene): 

poly(4-styrenesulfonate) (PEDOT:PSS) [47]. The PEDOT:PSS is actually a donor-

acceptor network in itself [48]; the PEDOT, similar to P3HT, has a thiophene backbone 

and transports holes to the anode. The PEDOT is blended with the electron-accepting 

PSS to form a soluble chemical that can be spin coated onto a substrate [48]. This 

means that PEDOT:PSS is not only a hole transporting layer but also an electron 

blocker. The HOMO of PEDOT:PSS has an energy of 5.2 eV [46]. 

On top of the PEDOT:PSS layer is the photoactive layer, which is the 

interpenetrating network of P3HT and PCBM. P3HT has a HOMO of 4.9 eV and a 

LUMO of 3.0 eV, and PCBM has a HOMO and LUMO of 6.1 and 3.7 eV, respectively 

[46]. Since the LUMO of the PCBM is lower than that of P3HT, the PCBM acts as the 

electron transporter, and the P3HT acts as the hole transporter [45]. Lastly, the structure 

is capped off with aluminum, which has a work function of 4.2 eV [46]. 

The work function of aluminum is slightly higher than the LUMO of the PCBM 

(3.7 eV), which will facilitate smooth electron transport from the fullerene to the 
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aluminum cathode. The HOMO energy of P3HT (4.9 eV) is in the range of the HOMO 

of PEDOT:PSS (5.2 eV) and the work function of ITO (4.7 eV). The energy bands 

lining up in this fashion allow for increased hole transport through the layers to the 

anode. Figure II.3 graphically shows the physical structure of the layers of the OSC and 

the pertinent energy levels of the materials. 
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Figure II.3: (a) The physical structure and (b) the energy band structure of an OSC 

II.5 Operation of an Organic Solar Cell 

The operation of an OSC begins with incoming photons striking the active layer. 

The light travels through the glass, ITO, and PEDOT :PSS layers, and stimulates the pi-

bonded electrons in the photoactive layer. If the light is neither absorbed by the active 

layer contents nor diffracted out of the cell, the photons will reflect off of the aluminum 

and travel back through the active layer, enabling the photons another chance to be 

absorbed [4]. Due to relatively high band gap energies of organic semiconductors, only 

about 30% of the incident solar irradiation is harvested; to make up for this, organics 

tend to have much higher absorption coefficients [4]. If the wavelengths from the 
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source of illumination are absorbed by the P3HT:PCBM network and contain energy 

greater than or equal to the band gap energy of the P3HT or PCBM, an exciton will form 

[49]. 

Next, the electron-hole pair will diffuse to the charge collecting interfaces [4]. 

Due to the nature of the bulk heteroj unction structure, the interface is not a single entity 

but a conglomeration of polymer-fullerene interfaces throughout the photoactive layer. 

As detailed earlier, the diffusion length of photogenerated excitons in conducting 

polymers is around 10 nanometers, and the lifetime is typically in the order of 

nanoseconds [4,29]. If the exciton fails to diffuse to an interface, the electron-hole pair 

will recombine [48]. 

Assuming that the exciton diffuses to a P3HT-PCBM interface, the electron-hole 

pair will dissociate into separate charges due to the desire of excitons to reach a lower-

energy state [36]. If an electron travels from the LUMO of the donor to the LUMO of 

the acceptor, or if a hole moves from the HOMO of the acceptor to the HOMO of the 

donor, then the exciton will have effectively reduced its overall energy by dissociating 

the electron-hole pair [36]. Now that the charges are separated, they must traverse the 

layers to the electrodes. The free charges are transported towards the anode and cathode 

due to the induced electric field in the device, caused by the energy band bending of the 

semiconductor materials [36]. 

The detailed physics of an organic solar cell are illustrated in Figure II.4. 

Because the area between donor and acceptor molecules in a polymer-fullerene solar cell 

is on the order of 10 nm [50], the bulk of the OSC device operates in the depletion 

region. There is a built in voltage in the structure due to the induced electric field in the 
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device, which is caused by the varying work functions of the electrodes. ITO is a high 

work function (4.7 eV) electrode, and aluminum is a low work function (4.2 eV) 

electrode. The LUMO and HOMO of the bulk of the cell bend so that the HOMO of the 

heteroj unction is lined up with the ITO anode, and the LUMO of the bulk lines up with 

the aluminum cathode. Figure II.4 is displayed below to graphically show how the 

entire bulk of the material bends the HOMO and LUMO bands and to show how the 

induced electric field transports the charges to the electrodes. 

charge transfer 

— donor ,r 

— acceptor ^o 

TCO bulk heterojonction 

Figure II.4: Band bending in a bulk heteroj unction solar cell; upon exciton dissociation, 
the bending of the LUMO and HOMO transport the charges to the electrodes 

The holes will traverse the P3HT polymer and travel through the PEDOT:PSS 

layer and ITO to be collected at the anode, and the electrons will be transported from the 

PCBM to the aluminum cathode. The continuous collection of holes by the ITO and 

electrons by the aluminum results in current flowing through the device. This 
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complicated process of electron-hole behavior in an OSC is detailed in Figure II.5. 
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Figure II.5: (a) Photon absorption and exciton formation, (b) diffusion to the donor-
acceptor interface, (c) charge dissociation, (d) charge transport, and (f) collection 

The charge transport through the layers is impeded by various recombination 

schemes, including imperfections in the bulk heteroj unction structure, and limitations in 

the active layer contents. As stated earlier, the bulk heteroj unction structure provides a 

crystalline, interpenetrating network of polymer and fullerene. Although theoretically 

sound, it is very difficult to actually control the physical morphology of the polymer and 

fullerene once they are cast onto a solar cell. It is known that thermal annealing of the 

active layer will produce a more crystalline network [27,30,51], but studies also show 

that the fullerene tends to migrate to the bottom of the active layer and the polymer to 

the top [52]. This is problematic because if the bulk of the PCBM is located at the 

bottom of the photoactive layer, there will be insufficient fullerene to transport the 

electrons to the cathode; similarly, if disproportional amounts of polymer are at the top 

of the heteroj unction, it will be more difficult for the holes to migrate towards the anode. 
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Another limitation in the charge transport of bulk heteroj unction polymer solar 

cells is the varying charge mobilities of the heteroj unction materials. Hole mobility for 

R 7 1 1 

P3HT is in the range of 2x10" m V" s" , and the electron mobility of PCBM is around 
7 7 1 ! • • 

3x10' m V" s" [39]. The Langevin expression is typically used to determine the 

biomolecular recombination rate of free charge carriers in organic semiconductors and 

depends mainly on the mobilities of the holes and electrons [53]. Recent studies have 

concluded that this recombination rate does not depend on both the hole and electron 

mobility but whichever charge has the lowest mobility [53]. For steady current flow, the 

nummber of holes collected at the anode must equal the electrons at the cathode. If the 
8 7 1 1 

holes can only be transported to the PEDOT:PSS layer at a rate of 2x10" m V" s" , then 

the electrons will be collected by the aluminum at the same rate; the remaining electrons 

will be forced to recombine [53]. 

Charge transport in bulk heteroj unction solar cells is obviously a volatile process 

and is directly affected by the composition of the active layer. Throughout the literature, 

various parameters such as weight ratio [20,29,54], choice of solvent [55], and film 

thickness [32] of the photoactive layer have been investigated and optimized to 

maximize the current density and, subsequently, the PCE of the OSCs. It has been 

determined that the weight ratio of P3HT:PCBM should be in the range of 1:0.8 to 1:1 

[20,29,54], chlorobenzene should be used as the solvent [55], and the film thickness 

should lie in the range of 60-100 nm [4,32]. While these current-limiting effects have 

been thoroughly investigated, one variable that has not been extensively studied is the 

concentration of the active layer solution prior to deposition. This thesis study proposes 

that by increasing the concentration of the polymer and fullerene in the photoactive layer 
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solution prior to deposition, these effects that limit the photocurrent density could 

possibly be combated. By increasing the concentration of the materials in the thin film, 

the crystalline nature of the polymer-fullerene network and contact area among the 

charge carries could improve. This will in turn increase the absorption of photons in the 

photoactive layer, the current density of the solar cells, and also the overall device 

efficiency. 
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CHAPTER HI 

EXPERIMENTAL SETUP 

111.1 Introduction 

The pertinent physics background of organic solar cell technology has been 

discussed. Several characterization methods will be employed to determine the various 

electrical, physical, and optical characteristics of organic solar cells, and the photoactive 

layer thin films of those solar cells. This section will first detail the fabrication 

procedures for an organic solar cell. Secondly, each characterization method will be 

explored, and its significance in determining properties of the OSC or the photoactive 

layer thin film will be explained. 

111.2 Fabrication of Organic Solar Cells 

Glass slides are purchased from NanoCS that have been patterned with 100 

nanometers of ITO (10 ohm/sq). The slides are broken into 1 inch squares in 

preparation for chemical etching. To protect the ITO substrate, silicone tape (0.25 inch 

width) is placed in two parallel strips on the slide. The ITO slide is submerged in a 

heated (50° C) solution of 25% HC1 and 75% deionized water to remove the exposed 

oxide. 

Before materials can be deposited on the substrate, a thorough cleaning of the 

slide must be done to remove any native surface impurities. Ultrasonic treatments of the 

slide are performed in a 3% Mucasol solution, deionized water, acetone, and ethanol, 

and the slide is then baked to remove any residual moisture. 
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The PEDOT:PSS (electronic grade Clevios P VP Al 4083 purchased from 

Heraeus) is then cast onto the substrate by a vacuum-type spin coating machine. The 

PEDOT:PSS is spun onto the cleaned, etched ITO substrate for 3 minutes at a terminal 

velocity of 3000 rpm and a ramp speed of 500 rpm/s. After application, a thin strip of 

PEDOT:PSS is removed with acetone to expose the anode, and the backside of the slide 

is cleaned as well. To get rid of the film of water, and to increase the conductivity of the 

PEDOT:PSS [56], the cell is baked in a nitrogen glovebox (<1 ppm O2 and H2O) for ten 

minutes at 100° C. 

Prior to processing, the photoactive layer solution must be prepared. The 

variables of interest in this thesis research are the amounts of polymer and fullerene that 

are dissolved in the active layer solution prior to deposition. Table III.l outlines the four 

photoactive layer solutions that will be tested throughout this research. 

Table III.l: The contents of the four photoactive layer solutions 

Active Layer 
Solution 

1 
2 
3 
4 

P3HT 
(mg/2mL) 

20 
25 
30 
35 

PCBM 
(mg/2mL) 

16 
20 
24 
28 

Keeping the weight ratio of P3HT to PCBM at a constant 1:0.8, varying amounts 

of polymer and fullerene detailed in Table III.l are weighed out and placed in a glass 

vial along with 2 mL chlorobenzene and a magnetic spin bar. The active layer solution 

is left to stir overnight at 200 rpm on a hot plate set to 50° C. Once the solution is 

thoroughly mixed, it is run through a 0.45 uxn PTFE filter to filter out any large 
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impurities. The photoactive layer is then spun on the substrate in a mechanical-type spin 

coating machine in the nitrogen glovebox. The slide is spun at varying terminal 

velocities for 60 seconds. 

After the active layer has been deposited, the anode is cleaned again to expose 

the ITO anode, and the backside is cleaned as well. The sample is then loaded into a 

high-vacuum electron beam evaporating system and pumped down to at least the uTorr 

pressure range. 80 nm of aluminum is then deposited onto eight spots on the slide 

through the use of a shadow mask at a rate of approximately 1.0 A/s. Lastly, the slide is 

removed from the vacuum chamber and is annealed at 150° C for 10 minutes in the 

nitrogen glove box. 

The shadow masks for depositing aluminum are 1.7 mm in height and define the 

overall device structure; each cell is approximately 11 cm in area. Figure III.l shows 

the physical layout of the slide, including dimensions. To produce repeated trials, there 

are 8 total solar cells fabricated on each slide. 

6.35 mm 

ITO 

OSC AREA 

Figure III.l: Slide layout and OSC dimensions 
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III.3 Characterization Methods of Solar Cells 

IH.3.1 Current-Voltage Characterization 

A current density (J) versus voltage (V) plot is an electrical characterization 

technique to determine properties of the OSC such as percent efficiency (PCE), fill 

factor (FF), and series and shunt resistances. To generate J-V plots, the solar cell is 

hooked up to a Keithley SourceMeter and placed under a Newport solar illuminator. 

The internal bulb and mirrors of the illuminator are adjusted to produce the most 

uniform and diffuse spot size, and the intensity is adjusted so that it is emitting the air 

mass (AM) 1.5 standard of 100 mW/cm , which is 1 sun. The voltage is swept from 

+1.0 down to -0.5 V, and the current is recorded. 

Voltage (V) 

0 7 

Voc 

Figure III.2: Sample J-V curve with relevant electrical parameters 
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A sample output of a J-V plot is shown above in Figure III.2. On the graph, the 

current when V=0 is referred to as the short circuit current density (Jsc), and the voltage 

when J=0 is the open-circuit voltage (V0c)- The maximum power point (MPP) on the J-

V curve is the point where the product of voltage and current density is the largest, and 

the corresponding voltage and current density of the MPP are referred to as VMAX and 

JMAX, respectively. 

The FF is simply a ratio of the maximum power output of the cell to the product 

ofVocand Jsc-

uc _ MPP VMAX]MAX 
r r — — 

VocJsc VocJsc 

The PCE is the ability of the solar cell to convert solar energy to electrical 
energy and is a factor of the source irradiation (E) and the maximum power output by 

the solar cell. 

PCE = 
MPP FFxV0CxJsc 

E E 

It is often useful to model a solar cell in terms of an equivalent circuit [57] to 

model the effects of power loss in the device, as shown in Figure III. 3. 

photons Rs 
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fm 

^ 
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V 

Figure III.3: (a) Solar cell equivalent circuit model, (b) calculation of series resistance, 
and (c) calculation of shunt resistance 
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The solar cell acts as a photodiode, and the two resistors model the shunt (RSH) 

and series (Rs) resistances. For an ideal device, the shunt resistance would be infinite, 

and the series resistance would be 0, corresponding to 100% available power being 

dissipated across the photodiode; this would result in a 100% FF. 

Since experimental devices do contain stray sources of power loss, it is important 

to model them. To estimate the shunt resistance, the inverse slope of the J-V curve is 

taken at the short circuit current density, and for the series resistance, the inverse slope 

of the J-V curve is taken at the open circuit voltage, as shown in Figure III.3. 

In this study, current density-voltage characteristics will be used to determine the 

electrical properties of the devices such as PCE and FF, and the curves will also be 

analyzed to model the stray resistances in the device. The active layers which are used 

in the most efficient solar cells for each blend will be further analyzed with additional 

characterization techniques, which are detailed in sections III.3.2 to III.3.4. 

III.3.2 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a physical characterization technique that 

images the surface of solid films with angstrom accuracy. For this study, the surface 

topology of the photoactive layer will be investigated by running AFM tests on the 

active layer spin casted onto a glass substrate. The glass substrates will be cut into 1 

inch squares and cleaned using the same procedure as outlined in section III.2. The 

photoactive layer will be spin casted onto the substrate in the same fashion as fabricating 

solar cells. 

The study at hand will be performed using a Dimension 3100 Scanning Probe 

Microscope and controlled by a Digital Instruments Multimode/Nanoscope III. The 
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substrate is placed on a piezoelectric device, and a cantilever spring with an ultra-fine tip 

oscillates in close proximity to the substrate. The AFM will be operating in tapping 

mode, which is when the tip of the spring is brought into intermittent contact with the 

sample. When the spring comes into close contact with the sample, it experiences the 

repulsive and attractive forces such as Van der Waals force and dipole interactions 

generated by the molecules of the film. The piezoelectric element of the device keeps 

the substrate at a fixed height above the spring, and a laser monitors the position of the 

spring. The feedback mechanisms in the system allow the sample to be kept at a fixed 

height above the substrate, and this deviation in height is converted to an output that 

shows the physical topography of the sample. The software not only generates 2-D and 

3-dimensional (3-D) images of the surface, but it can also provide roughness 

measurements. 

1 um areas of the substrates will be imaged by operating the machine at 0.5 Hz 

and 512 samples per line. Studying the physical structure of the active layer will 

provide insight as to why certain photoactive layer blends are more efficient than others 

in OSC applications. Visual inspection of each layer will be performed, and the 

roughness measurements will also be analyzed to determine trends in the active layers as 

the concentration of the film is increased. 

III.3.3 Ultraviolet-Visible Spectrophotometry 

Ultraviolet-Visible (UV-Vis) Spectrophotometry is an optical characterization 

technique that measures the absorption of a sample. Samples can either be tested in 

liquid form, or the measurements can be done for solid thin films. Since the interest is 

in the properties of the photoactive layer thin film, the measurements will be done on the 
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active layer spun on glass. The glass squares will be cut into one inch squares, cleaned 

using the same procedure as detailed in section III.2, and characterized with a Shimadzu 

2401 UV-Vis recording spectrophotometer. 

The absorption (A) of a sample is strongly dependent on the molar absorptivity 

(e), concentration (c), and thickness (1) of the film, which is expressed by a derivation of 

the Beer-Lambert law, where A = sic. The absorption is a unit-less measurement that 

compares the intensity of the incident light to the light that has passed through the film. 

For absorption spectrum measurements, a sample of the photoactive layer film on glass 

is loaded into one holder, and a reference sample of plain glass is used as a reference, 

loaded in the other sample holder. The machine will sweep the wavelength of the light 

(and therefore energy) over the visible and into the UV-range, and the software will 

extract the absorption for each wavelength. 

As stated earlier, a main drawback in polymer photovoltaics is the low 

absorption profile of the materials. This research proposes that by increasing the active 

layer density, the absorption profile of the blend will increase over the visible and UV 

wavelength ranges, which will lead to increased photocurrent density in the solar cells. 

Absorption of P3HT and PCBM films will be measured, as well as the photoactive layer 

films, to determine local absorption peaks and trends in optical performance. 

III.3.4 Variable Angle Spectroscopic Ellipsometry 

Spectroscopic ellipsometry (SE) is another optical characterization technique that 

is far more in-depth and valuable than simple absorption measurements. SE can be used 

to determine film thickness and other optical properties of a species such as the index of 

refraction (n) and the extinction coefficient (k). 
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SE operation begins with emitting an unpolarized light from a lamp source. The 

light is polarized in some fashion and then interacts with the substrate. The reflection of 

the light is further manipulated with another polarizer and collected with a photodetector 

or photodiode [58]. The software measures psi Q¥) and delta (A) and manipulates 

electromagnetic equations to determine other properties of interest. Psi and delta are 

defined by tan(fO = —*-, where Rs and Rp are the incident and reflected wave 

amplitudes, respectively, and A= S1 — 82, where 81 and 62 are the phase differences of 

the incident and reflected waves, respectively. These two parameters are related by 

p = tanVe^, where roe (p) is the complex reflectance ratio. The complex index of 

refraction, N = n + jk, is a variable in the equations for Rs and Rp [58,59]. 

To perform ellipsometry measurements, one square inch glass slides are cleaned 

using the standard cleaning procedure, and the photoactive layer is spun onto the glass. 

The measurements are taken at 4 different angles with a J. A. Woollam Variable Angle 

Spectroscopic Ellipsometer (VASE), with a wavelength distribution of 190-1690 nm. 

To fit the data, Cauchy's Equation is fit to the experimental data. Cauchy's Equation is 

given by (A) = A + — + — + • • • , where n is the refractive index, X is the specific 
A A 

wavelength, and A, B, and C are constants that are varied to fit the data. The constants 

in Cauchy's Equation are modified as to limit the mean-square error in the data fitting 

[60]. All of this manipulation is done in the J. A. Woollam software WVASE32. 

VASE will be done on P3HT, PCBM, and the photoactive layer thin films to 

determine their respective thicknesses and extinction coefficients. The extinction 

coefficient (k) is related to the absorption (A) of a sample by the absorption coefficient 

(a) outlined in the following equations. 
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A = elc A = al a = —— 
A, 

The profiles of the absorption and the extinction coefficient in the UV and 

visible range will both show how the intensity of light is affected when it interacts with 

the four photoactive layer films. 

III.4 Conclusions 

The experimental process begins with fabricating several planar structure organic 

solar cells under varying conditions. The composition of the photoactive layer will be 

varied, as well as the film thickness, to determine the optimal active layer for each 

blend. Once this has been determined, further characterization on the photoactive layer 

thin films will be performed to compare the electrical properties with the physical and 

optical properties. The PCE and FF, as well as stray resistances, will be calculated 

through electrical characterization techniques. To further understand the active layer 

structure, AFM measurements will be performed to compare the surface topology of the 

films. Also, UV-Vis absorption measurements will be done to compare the light 

intensity absorption of the active layers in the visible and UV ranges. Furthermore, 

VASE measurements will be performed to extract the thickness and the extinction 

coefficient of the films. Understanding these additional physical and optical 

characteristics of the photoactive layer films will provide insight as to why certain films 

outperform others electrically when integrated in an organic solar cell. 
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CHAPTER IV 

ELECTRICAL PROPERTIES OF ORGANIC SOLAR CELLS 

IV. 1 Introduction 

In this section of experimentation, the optimal photoactive layer processing 

parameters for the four blends under investigation were determined by comparing their 

PCE, and then four champion cells were made. For each active layer blend, four solar 

cells were fabricated, resulting in a total of sixteen unique solar cells. Among the four 

different cells for each blend, the only variable changed was the terminal spin speed of 

the active layer during spin casting, which was varied in the range of 750 up to 2000 

rpm depending on the blend. Spinning the photoactive layer at different terminal 

velocities produced four unique thin films, with the most predictable difference being 

the layer thickness; lower spin speeds produce thicker films and higher spin speeds 

produce thinner active layers. 

For the cells fabricated with the 20:16, 25:20, 30:24, and 35:28 blends, the 

application speed was varied between 750-1500 rpm, 1000-1750 rpm, 1000-1750 rpm, 

and 1250-2000 rpm, respectively, in increments of 250 rpm. The sixteen devices were 

fabricated in groups of 4 to keep experimental conditions constant among the cells; the 

four OSCs with the 20:16 blend were made simultaneously, the four OSCs with the 

25:20 blend were made together, etc. The calculated PCE of the four cells made with 

each blend was compared to determine the optimal spin casting speed of the active layer, 

which is shown in Table IV. 1. The P3HT:PCBM films were then spun at their optimal 
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conditions, and the active layer thicknesses were determined from SE measurements, 

which is also detailed in Table IV. 1. 

Table IV. 1: Spin casting conditions for the four photoactive layer blends that produced 
the most efficient OSCs 

Active Layer 
20:16 
25:20 
30:24 
35:28 

Application Speed 
1000 rpm 
1250 rpm 
1500 rpm 
1750 rpm 

Thickness 
55 nm 
70 nm 
77 nm 
88 nm 

The results in Table IV. 1 show that as the viscosity of the photoactive layer 

increases, the terminal spin casting speed must also increase. This trend is intuitive -

the solutions that are more concentrated will need more angular velocity to spin off the 

required amount of material. Also, the layer thickness must increase as the material 

concentration of the active layer increases. The physical dynamics of the P3HT:PCBM 

film are more strongly detailed in Chapter V. Now that the optimal application 

conditions have been determined, the four champion solar cells (one with each active 

layer blend spun at the terminal velocities outlined in Table IV. 1) will be characterized 

and analyzed. 

IV.2 Results and Discussion 

IV.2.1 Percent Efficiency and Fill Factor 

The four champion OSCs were fabricated simultaneously to keep the 

experimental conditions constant among the cells. The J-V curves for the champion 

cells are displayed in Figures IV. 1 and IV.2, and the data is compared in Table IV.2. 
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Figure IV.l: Light (•) and dark (•) J-V characterizations of the best solar cells 
fabricated with each photoactive layer blend: (a) 20:16, (b) 25:20, (c) 30:24, and (d) 

35:28 

Table IV.2: PCE, FF, Voc, and Jsc of the four champion solar cells 

Active layer 
20:16 
25:20 
30:24 
35:28 

PCE 
2.11 
2.51 
2.86 
2.54 

FF (%) 
58.4 
60.0 
58.6 
53.4 

Voc (V) 
0.590 
0.618 
0.619 
0.618 

Jsc (mA/cm2) 
6.16 
6.78 
7.89 
7.69 
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Figure IV.2: J-V characteristics of the most efficient cells from the four photoactive 

layer blends: •(20:16), •(25:20), A(30:24), and T(35:28), under 100 mW/cm2 (1 sun) 

From the data in Table IV.2 and Figures IV.l and IV.2, it is concluded that an 

optimal photoactive layer density is crucial for maximum OSC device efficiency. The 

Voc remains relatively constant throughout the devices since the Voc depends mainly on 

the energy levels of the materials in the heteroj unction and also the electrodes [61]. 

However, it appears that the PCE of the devices is directly related to the current density 

of the solar cells. 

The efficiencies of the solar cells made with the 20:16 and 25:20 blends are 2.11 

and 2.51, respectively. The general trends show that the less concentrated blends (20:16 

and 25:20) provide a good fill factor (58.4% and 60.0%) yet lack the required current 

•y 

density (Jsc =6.16 and 6.78 mA/cm ) for a deep maximum power point. The smaller 

current densities among the solar cells fabricated with these solutions are due to 
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insufficient exciton generation in the heteroj unction, possibly caused by the lack of 

absorption in the active layer. Since these layers are not densely packed and the FF 

remains high, recombination is ruled out as a reason for low current density. 

The maximum PCE (2.86) among all four cells is achieved with the solar cell 

fabricated with the 30:24 photoactive layer blend. For the OSC made with this is active 

layer, the current density (Jsc =7.89 mA/cm ) is further increased, while the FF remains 

high (58.6%). The increased current density in the 30:24 solar cell is likely due to the 

strategic packing of the polymer-fullerene network. It is expected that a more 

concentrated blend would have enhanced self-organization of the donor-acceptor 

network, which would not only result in an increase in photon absorption but more fluid 

charge transport of the excitons through the heteroj unction. The physical structure of the 

active layer will be further analyzed in Chapter V. 

If the photoactive layer concentration is further increased, then the electrical 

properties of the cell start to decline. While the PCE (2.54) of the OSC made with the 

35:28 blend is the second highest among the four cells, the FF (53.4%) sharply drops 

off. Also, the current density (Jsc = 7.69 mA/cm ) begins to decrease rapidly compared 

to that of the cell made with the 30:24 blend. The lower current density and poor fill 

factor point toward recombination and leakage current losses in the photoactive layer. 

This is evident because in theory the absorption is at a maximum, which means that the 

amount of photo-generated excitons in the heteroj unction is maximized. If the excitons 

were diffusing at the interfaces and being collected by the electrodes, then the current 

would be at a maximum, but it is apparent that charge recombination has thwarted this 

process. 
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IV.2.2 Stray Resistance Values 

As described in section III.3.1, modeling a solar cell in terms of an equivalent 

circuit model can provide great insight to the loss mechanisms in the device. 

Furthermore, the stray resistance values can point toward sources of defects and 

imperfections in the cell structure, whether they be morphological or surface defects 

[57]. 

Table IV.3: PCE, FF, and the series and shunt resistance values for the four champion 
solar cells 

Active layer 
20:16 
25:20 
30:24 
35:28 

PCE 
2.11 
2.51 
2.86 
2.54 

FF (%) 
58.4 
60.0 
58.6 
53.4 

R-series (Qcm2) 
15.1 
12.2 
11.3 
14.4 

R-shunt (Qcm2) 
1440 
1100 
1110 
630 

Table IV.3 outlines the series and shunt resistance values of the champion solar 

cells made from each blend, which were determined by analyzing Figure IV.l. The PCE 

and FF are also listed in Table IV.3 as a comparison. It is clear that the series resistance 

values show the same trend as the PCE: improving resistance values from the 20:16 up 

to the 30:24 blend and then poor performance when the blend concentration exceeds 

30:24. The shunt resistance values follow a slightly different trend; as the active layer 

density increases, the shunt resistance steadily decreases and is independent of device 

PCE. 

The causes of stray resistance values in organic solar cells have been thoroughly 

outlined in the literature [57], and it is widely accepted that the series resistance plays a 

large role in OSC performance [30,57,62]. According to studies, the main factors that 
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influence the series resistance of cells are the intrinsic resistances associated with the 

cell and the active layer morphology [57]. Also, the active layer morphology is most 

heavily influenced by the post-fabrication annealing process, which causes the polymer 

to stack on the atomic level and the fullerene to aggregate in clusters [30, 57]. 

According to this thesis research, the series resistance, and more than likely the active 

layer morphology, is strongly influenced by the concentration of the active layer thin 

film. 

The series resistance of the devices decreases from the 20:16 blend (15.1 Qcm ) 

to the 30:24 blend (11.3 Qcm2) and then increases in the 35:28 blend solar cell (14.4 

Qcm2); this means that the morphology of the donor-acceptor network is probably 

optimal in the 30:24 photoactive layer blend and poorer for all others. For the less 

concentrated blends (20:16 and 25:20), the active layer morphology is probably not 

great due to the lack of material, resulting in less contact area among the donor-acceptor 

network. Conversely, the series resistance is also high for the 35:28 blend; the 

morphological defects in this layer are more than likely due to superfluous amounts of 

organics in the thin film, thereby increasing the series resistance and decreasing current 

density. All of this points toward the possibly that increasing the active layer density 

has some of the same effects on the donor-acceptor morphology as does thermal 

annealing; increasing thermal treatment up to a certain point improves device PCE and 

series resistance, but prolonged annealing leads to increasing series resistances and 

reduced device efficiencies [30]. 

It has also been determined that variations in shunt resistance result from 

impurities and defects in the active layer [57]. Possible sources of defects will be further 
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investigated in subsequent sections that characterize the physical nature of the active 

layer. For now, it is obvious that as the active layer concentration increases from the 

20:16 blend up to the 35:28 blend, the shunt resistance steadily declines from 1440 

Qcm2 down to 631 Qcm2. This leads to the conclusion that that the shunt resistance is 

heavily influenced by the density of the active layer thin film. 

IV.3 Conclusions 

In this section, the electrical properties of organic solar cells with various 

photoactive layer concentrations have been compared. It has been shown that the PCE 

of the devices is optimal when the 30:24 photoactive layer blend is implemented and is 

due in large part to the high short circuit current density and high fill factor, allowing for 

a deep maximum power point. Stray resistance values were also calculated, and it was 

determined that the series resistances of the devices follow a similar trend as the PCE, 

whereas the lowest series resistance value belonged to the cell fabricated with the 30:24 

blend. This points towards the morphology of the donor-acceptor network being 

optimal inside of the 30:24 blend, allowing for smooth and efficient charge transport. 

The literature widely agrees that the crystalline network of polymer and fullerene in the 

active layer decreases series resistance and improves overall device performance 

[30,54]. In the subsequent chapters of this research, the physical and optical properties 

of the active layer will be examined to provide justification for the obtained electrical 

properties in this chapter. 
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CHAPTER V 

PHYSICAL PROPERTIES OF P3HT:PCBM THIN FILMS 

V.l Introduction 

In the previous chapter, the OSCs with four different photoactive layer blends 

were characterized to determine their electrical properties. This chapter will provide 

insight to the physical structure of the four P3HT:PCBM films that were used to 

fabricate the solar cells in Chapter IV. AFM measurements will be done on one square 

micrometer areas of the annealed P3HT:PCBM thin films to observe the nanoscale 

morphology of the surface of the active layers. 

It is well known that the nanoscale morphology of the photoactive layer surface 

influences the physical operation of polymeric solar cells [20,29]. The lateral surface 

profile obtained by AFM measurements provides indicative insight to the bulk 

morphology of the organic layer. Overall, the 3-D network morphology is the most 

important factor when characterizing the physical properties of the photoactive layer 

[29,65]. Studies report that thermal annealing of the photoactive layer produces a 

crystalline 3-D network of donors and acceptors, with the P3HT stacking in a lamellar 

fashion, and fullerene diffusing to nucleation sites throughout the active layer 

[20,28,30]. The enhanced crystallinity, verified through tunneling electron microscopy 

(TEM) and X-ray diffraction (XRD), induces favorable molecular packing, creating 

more interfacial area among donors and acceptors in the photoactive layer [29,30]. 



39 

V.2 Results and Discussion 

The four photoactive layers under investigation were spun at their optimal spin 

speeds on cleaned glass and subsequently annealed in the nitrogen glove box for ten 

minutes at 150° C. To observe the topology of the top surface of the active layers, the 

samples were characterized under AFM. To investigate the effects of thermal annealing 

on active layer morphology, Figure V.l on the following page shows AFM images for 

un-annealed (a) and annealed (b) 30:24 active layer. Based on the AFM images, it is 

clear that for the un-annealed sample, the overall surface roughness (RMS roughness = 

0.501 nm) is much smoother than the sample that received thermal treatment (RMS 

roughness = 0.841 nm). The annealed active layer film shows deeper valleys and higher 

peaks on the AFM images, which is an indication of enhanced crystallinity of the 

P3HT:PCBM network [30,32,54]. Increased crystallinity in the active layer not only 

enhances the molecular stacking of the organics [20,30] but also leads to a greater 

surface area for the organic-cathode interface, which has been shown to enhance the 

absorption of the cells [20,32,51,65] and the electrical properties of the devices such as 

charge mobility [39,51] and PCE [30,64,55]. 
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Figure V.l: (a) Pristine and (b) annealed (150° C for 10 minutes) films of 30:24 
P3HT:PCBM films on glass 

Next, the four photoactive layer blends (20:16, 25:20. 30:24, and 35:28) were 

spun at their conditions yielding the highest efficiencies at their respective 

concentrations on glass substrates and also annealed with the aforementioned conditions. 

The 2-D and 3-D images of the top of the films are shown on the next page in Figures 

V.2 through V.5, and their roughness measurements are detailed in Table V.l. 
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Table V.l: RMS roughness of the annealed P3HT:PCBM films 

Active Layer 
20:16 
25:20 
30:24 
35:28 

RMS Roughness 
0.757 nm 
0.801 nm 
0.841 nm 
0.927 nm 

Figure V.2: 2-D and 3-D AFM images of 20:16 P3HT:PCBM 
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Figure V.3: 2-D and 3-D AFM images of 25:20 P3HT:PCBM 
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Figure V.4: 2-D and 3-D AFM images of 30:24 P3HT:PCBM 

Figure V.5: 2-D and 3-D AFM images of 35:28 P3HT:PCBM 

Based on Figures V.2 through V.5, there is an increasing trend in roughness as 

the concentration of the P3HT:PCBM thin film increases. The 20:16, 25:20, 30:24, and 

35:28 blends increase in RMS roughness from 0.757, 0.801, 0.841, and 0.927 nm, 

respectively. The increasing RMS roughness of the thin films directly corresponds to 

the amount of organics in the layer, and the increasing thicknesses of the layers. When 

there is more P3HT and PCBM in the thin film, the thickness of the structures increase, 

and the deviating morphology of the active layer surface increases accordingly. 
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With respect to P3HT:PCBM annealing, increasing values of RMS roughness are 

advantageous in bulk heteroj unction OSCs because they are an indication of enhanced 

donor-acceptor contact area and an improved contact layer between the cathode and the 

photoactive layer [30,32]. However, since all of these active layers are annealed, it is 

unclear as to what effect increasing the active layer concentration has on the overall 

morphology of BHJ polymer solar cells. It is apparent that as the active layer density 

increases, the RMS surface roughness increases, but it is unclear as to what effect this 

has on the 3-D physical structure, and the solar cell performance. As shown in Table 

V.l, the increase in RMS roughness from 0.757 nm up to 0.927 nm is miniscule; 

angstrom-level variations in topology might not have a profound impact on device 

performance. 

It is known that the series resistance of an OSC depends primarily on the 

thickness and 3-D morphology of the P3HT:PCBM layer, and the shunt resistance 

depends on the presence of defects or impurities in the active area that could cause 

recombination and leakage current [57]. Referring back to Table IV.3, the series 

resistances steadily decrease to 11.3 Qcm in the 30:24 P3HT:PCBM layer and then 

increase again in the 35:28 blend. The shunt resistance of the devices steadily drops 

from 1440 Qcm down to 630 Qcm when the active layer density is increased from the 

20:16 blend up to the 35:28 blend. The RMS surface roughness of the P3HT:PCBM 

thin films does steadily increase from 0.757 to 0.927 nm, but these sub-angstrom 

deviations alone cannot explain the electrical properties of the cell. 
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V.3 Conclusions 

The physical structure of the photoactive layer has been thoroughly investigated 

by conducting AFM measurements. The 2-D and 3-D surface images show that 

increasing the density of the P3HT:PCBM layer causes a slight increase in the RMS 

roughness of the active layer thin film as shown in Figure V.6. 
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Figure V.6: RMS roughness and film thickness of each photoactive layer 

When attributing increased roughness to thermal annealing, it is advantageous 

because it is an indication of enhanced crystallinity of the donor-acceptor network. 

However, all of these samples have received thermal treatment; therefore, the angstrom-

level deviations alone cannot conclusively explain the deviating electrical properties of 

the OSCs under investigation. 
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CHAPTER VI 

OPTICAL PROPERTIES OF P3HT:PCBM THIN FILMS 

VI. 1 Introduction 

Thus far, the electrical properties of the organic solar cells have been compared, 

and the physical properties of the P3HT:PCBM thin films used in the OSCs have been 

characterized. This chapter will explore the optical properties possessed by the various 

photoactive layers of P3HT:PCBM, including the absorption and extinction coefficients 

over an appropriate spectral distribution. The absorption of the thin films was 

determined by doing ultraviolet-visible (UV-Vis) spectrophotometry on the annealed 

thin films of P3HT, PCBM, and the four unique blends of P3HT and PCBM that were 

incorporated into the OSCs. For determining the extinction coefficients, VASE was 

implemented on the exact same samples that were used for UV-Vis characterizations. 

There are several factors that can affect the absorption of P3HT:PCBM thin 

films; most notably, the Beer-Lambert law equates the absorption to the product of 

molar absorptivity, material concentration, and film thickness. Molar absorptivity is an 

intrinsic property, the material concentration is obviously dependent on which 

photoactive layer is tested, and the thickness will also vary among the active layer thin 

films. Since the product of these factors determines the absorption, one would expect 

that the absorption would increase if the photoactive layer concentration increases since 

the material concentration and film thickness are steadily increasing from the 20:16 

blend up to the 35:28 blend. Absorption in P3HT:PCBM thin films is important because 

if the degree of absorption is higher, then more electron-hole pairs are being generated; 
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if more excitons are present in the active layer, then the current density in the solar cells 

will also increase. 

The extinction coefficient of the photoactive layers is another important optical 

property and is closely related to the absorption of the film. Further manipulation of the 

Beer-Lambert law shows that absorption can be expressed in terms of an absorption 

coefficient; the absorption coefficient is also dependent upon the extinction coefficient 

of the material. If the absorption loss when light passes through the medium is higher 

(larger values of k), then this is another indication that the incoming photons are 

stimulating the polymer and fullerene, thereby creating more excitons and subsequently 

current, given efficient charge separation. It is expected that the peaks of k will lie in the 

same region as the peaks of absorption. In the literature, studies have been done on the 

complex index of refraction of individual P3HT and PCBM thin films but not many 

studies in which k has been explored for various photoactive layers, as done in this 

research. 

It is crucial that the photoactive layers maximize the usage of incoming light. In 

organic semiconductor technology, it is common to have absorption peaks in the visible 

and UV range, and little to no absorption the infrared region [36]. This is inherently 

problematic in OPV technology since such large energies are required to generate 

excitons. Furthermore, the peak irradiation of the air mass 1.5 spectrum occurs around 

500-700 nm (2.48-1.77 eV) [36,66], with the overwhelming majority of the spectral 

irradiance lying in the infrared region and little irradiation occurring with wavelengths 

less than 700 nm. Figure VI. 1 shows the irradiance distribution over a wide spectral 

range according to the standard AM 1.5 [66]. The high energy bandgap of organic 
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semiconductors such as P3HT and PCBM leads to severely mismatched spectral 

distributions; photogenerated excitons in the polymer and fullerene require photon 

energies from the visible or ultraviolet spectrum, yet the vast majority of the AM 1.5 

irradiance occurs in the infrared region. 
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Figure VI.l: Distribution of spectral irradiation according to ASTM; etr 
(extraterrestrial) and global tilt are provided for reference, and direct+circumsolar is 

AMI .5, and is used when characterizing solar cells [68] 

Therefore, it is of utmost importance in polymer photovoltaics to maximize the 

optical properties of the photoactive layer materials. If the absorption, indices of 

refraction, and extinction coefficients of the photoactive layers are optimized, then the 

devices will generate more excitons and have a greater chance of generating large 

currents. 
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VI.2 Results and Discussion 

VI.2.1 Absorption Spectrum 

The absorption of a thin film is simply a measure of the change in light intensity 

when photons are passed through a sample. The local peaks are an indication of the 

required energy to excite an electron from the (HOMO) to any of the outer, unoccupied 

orbitals (LUMO) [71]. For typical conjugated polymers, the required energy to raise an 

electron from the HOMO to the LUMO, the bandgap energy, is fairly high; the energy 

band gap for P3HT is approximately 1.9 eV, and that of PCBM is about 2.4 eV [46]. To 

estimate the minimum required energy to excite an electron in P3HT or PCBM, the 

equation Eg = he/A is used, where Eg is the bandgap energy, h is Planck's constant, c is 

the speed of light in a vacuum, and A, is the photon wavelength. To generate an exciton 

in P3HT, the light should have a maximum wavelength of approximately 650 nm, and 

for PCBM, photons can have a maximum wavelength of about 515 nm. To investigate 

this, Figure VI.2 shows the absorption spectrum of annealed P3HT and PCBM films. 
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Figure VI.2: Absorption spectrum of annealed films of (a) P3HT and (b) PCBM 
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Figure VI.2 (a) contains the absorption spectrum for P3HT, and it shows three 

distinct relative maximum points of absorption. These three points occur at photon 

wavelengths of-515, -540, and -605 nm. The PCBM, shown in Figure VI.2 (b), has 

two maximum points at -290 and -340 nm, and a soft shoulder in the range of 475 to 

500 nm. All of these peaks are at higher energy wavelengths than the required 

wavelengths previously calculated (650 nm for P3HT and 515 nm for PCBM) to 

generate an exciton. The P3HT has absorption peaks at lower-energy wavelengths and 

the irradiance spectrum of air mass 1.5 is mainly in the visible and infrared range; this 

shows that the exciton generation in polymer-fullerene BHJ solar cells is dominated by 

P3HT, and the PCBM does not have as large a role in electron-hole formation. 
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It has been reported [41,42] that increasing the purity of the organics, 

maximizing the regioregularity of the P3HT, and thermal treatment of the photoactive 

layer blend of P3HT and PCBM will positively impact the absorption profile by 

increasing the absorption peaks and slightly driving the peaks towards the infrared 

region. To show the effects of thermal annealing on the absorption profile, Figure VI.3 

shows P3HT:PCBM thin films with no treatment and with thermal annealing. 

Based on Figure VI.3, it is clear that when the blend of P3HT and PCBM 

receives annealing treatment, the peaks in the visible range slightly increase but not by a 

significant amount. While thermal treatment enhances the structural and electrical 

properties of the devices, it appears that annealing does not significantly impact the 

optical absorption of the photoactive layer films. Figure VI.3 is also useful because it 

shows the relative maximum points of absorption that are influenced by both the 

polymer and fullerene. There is one local peak in the UV range at -330 nm, influenced 

by the PCBM in the blend, and three peaks exist in the visible range at -510, -555, and 

-605 nm, due to the presence of P3HT. These peaks are very consistent with published 

research [32,67], which also shows the absorption peaking in those exact same ranges. 

Since annealing doesn't have a profound impact on the absorption, further 

investigation must be done on other active layer treatments to increase the absorption of 

the photoactive layer films. Figure VI.4 on the following page shows the absorption of 

the four photoactive layer films that were used in this investigation, each with varying 

concentrations. 
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Figure VI.4: Absorption spectrum of the four photoactive layer blends that have been 
annealed for 10 minutes at 150° C 

It is clear that as the concentration of the P3HT:PCBM film increases, the 

absorption of the photoactive layer increases also. This trend is expected given the 

Beer-Lambert law with the known information about the photoactive layer films. The 

absorption of the thin films depends on the product of molar concentration and film 

thickness; as the density of the photoactive layers increases from 36, 45, 54, up to 63 

mg/2mL, the solid film thicknesses increase from 55, 70, 77, up to 88 nm, respectively. 

VI.2.2 Extinction Coefficient 

Another optical measurement that is important in understanding OPV devices is 

the extraction of the extinction coefficient (k) of the photoactive layers, which is the 

imaginary term in the complex index of refraction (N). The real term, n, is a measure of 

how much the speed of light slows down when passed through a material, k, on the 

other hand, is a measure of absorption loss when light travels through a medium. It is 
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expected that these two parameters will closely reflect the absorption spectrum 

measurements obtained in the previous section. Figure VI.5 shows the values of k for 

the individual films of P3HT and PCBM, which have been annealed for 10 minutes at 

150° C. 
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Figure VI.5: k for annealed films of (a) P3HT and (b) PCBM 

Based on Figure VI.5, the local peaks of k for both P3HT and PCBM lie in the 

same range as their respective absorption peaks. P3HT contains local maximums of k at 

-475, -525, and -595 nm. PCBM shows local peaks of k at -220, -275, and -325 nm. 

The local maximum values of k for P3HT lie in the spectral range of 475-600 nm, which 

is the same range as the peaks of absorption, referring back to Figure VI.2. For PCBM, 

the local peaks of k occur between 220-325 nm, which is also the same region where the 

PCBM absorption peaks are present. Furthermore, based on the studies that have been 

done that examine the complex index of refraction for individual P3HT and PCBM films 

[68], the local peaks of the extinction coefficient for both the polymer and fullerene are 

in a range that is consistent with the literature. 
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Figure VI.6: k values for the four photoactive layer blends 
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To investigate the extinction coefficient of the four photoactive layers, k was 

extracted from the SE data, and is displayed in Figures VI.7 and VI.8. It is clear that as 

the concentration of the photoactive layer increases, the dominant peaks influenced by 

the P3HT increase in magnitude as well; this trend is identical to the trend observed 

from the absorption spectrum measurements. All of the blends have peaks of k at -470 

and -520 nm, which are consistent with published research reports [69,70,71]. 

VI.2.3 Discussion 

As discussed earlier, the spectral mismatch of organic semiconductors is severe 

due to the relatively high energy band gaps of the materials [36]. This is also clear 

based on the results obtained in the previous section. For the spectrums of absorption 

and extinction coefficient for the photoactive layer blends, the local peaks of these 

parameters all occur in the visible and UV ranges; this is limiting since the irradiance 

distribution of AM 1.5 is almost entirely in the infrared region. Unfortunately, the peak 

values of the observed optical properties cannot be shifted into the infrared region unless 

different materials are chosen with lower band gap energies. Therefore, the optical 
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properties of the P3HT:PCBM photoactive layer must be optimized to try to maximize 

the usage of the photons in the visible spectrum near the infrared range. 

From the absorption spectrum data in Figure V1.4, it is clear that as the 

photoactive layer concentration increases, the absorption over a wide spectral 

distribution increases as well. Similar trends are observed for the extinction coefficient; 

as the concentration of the four photoactive layers increases, the peaks in the visible 

region for k increase as well. However, the trend is opposite for the spectrum of k in the 

UV range; the peaks of k decrease as the photoactive layer density increases. As stated 

previously, the majority of irradiation in the standard AM 1.5 occurs in the visible and 

infrared regions, so the peaks in the UV range are not very influential to overall device 

characteristics and are not normally reported in publications [69,70,71]. 

The trends of absorption and extinction coefficient are critical to OSC 

performance. If the absorption and k in the photoactive layers are increased, this means 

that an increased amount of photons are exciting the P3HT:PCBM layer. As a direct 

result, the amount of photogenerated excitons will increase in the photoactive layer. If 

more excitons are present in the photoactive layer, then there is a greater chance that 

more charges will dissociate to the donor-acceptor interfaces and traverse the layers of 

the cell to generate current. 

These properties also serve as an indication of the physical 3-D morphology of 

the photoactive layer. Several studies have been done [73,74] in which the optical 

properties, such as absorption spectrum, are compared with other characterization 

techniques such as XRJJ and AFM. It has been shown that while the roughness of a 

sample increases, the absorption increases as well; furthermore, the peaks of diffraction 
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increase as well, which all serve as in indication that there are larger crystallites in the 

photoactive layer, which is inherently advantageous in BHJ solar cells. 

As all of the peaks of the investigated optical properties increase, the current 

density of the solar cells increase as well, up to a certain point. For the 20:16, 25:20, 

and 30:24 solar cells, the short circuit current density steadily increases from 6.74, 7.44, 

up to 8.67 mA/cm2, which is a clear indication that increasing absorption and extinction 

coefficient lead to enhanced current density. Since the 35:28 photoactive layer has the 

largest peaks for all of the optical properties under investigation and also has the largest 

RMS roughness, it is likely that the 35:28 film has the highest degree of crystallinity, 

and therefore the most excitons being generated in the layer. However, the electrical 

performance of the 35:28 OSC is plagued due to the decreased current density (Jsc = 

0.848) and low shunt resistance (RSH = 630 Qcm ). This is possibly due to 

recombination in the active layer or leakage current [58]. The solar cell made with the 

30:24 photoactive layer has the highest PCE because the absorption and extinction 

coefficient peaks are very high, while the stray resistances remain low. 

VI.3 Conclusions 

In this chapter, the optical qualities of the four photoactive layer films were 

under investigation. Absorption measurements were done on the photoactive layers, and 

it was observed that the peaks of absorption increased in magnitude as the concentration 

of the layers increased. For the extinction coefficient of the films, the peaks in the 

visible spectrum increased as the photoactive layer density increased, but the peaks in 

the UV range decreased as the layer increased in concentration. Because the vast 
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majority of solar irradiation is in the visible and infrared range, the peaks in the UV 

range do not play a very large part in overall device performance. These trends are 

evident when compared to the electrical properties of the cells; increasing peaks of these 

optical properties correspond to increasing current density in the cells, up to the 30:24 

blend. This trend is broken in the 35:28 photoactive layer because this film suffers from 

stray resistances, which are a sign of recombination in the donor-acceptor network [57]. 
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CHAPTER VII 

SUMMARY AND FUTURE WORK 

VIL1 Summary of Research 

Throughout this study, the electrical, physical, and optical properties of planar-

structured organic solar cells were explored, while altering the material concentration of 

P3HT and PCBM in the photoactive layer. Several solar cells were fabricated, and the 

optimal electrical characteristics were observed when the photoactive layer was made 

from a solution consisting of 30 mg P3HT and 24 mg PCBM dissolved in 2 mL 

chlorobenzene. The cells with less concentrated photoactive layers lacked sufficient 

current density, but if the P3HT:PCBM layer was too dense, then the cells suffered from 

recombination, severe degradation of the shunt resistance, and decreased current density. 

Structural analysis was done on the four unique P3HT:PCBM blends, and it was 

observed that the RMS roughness of the photoactive layers linearly increased as the 

concentration of the blends increased and also as the film thickness increased. RMS 

roughness is a desired property when attributed to annealing the active layer because it is 

an indication that the 3-D morphology is more crystalline in nature. Since all four 

photoactive layers were annealed, it is unclear what effect increasing the concentration 

of the active layer has on the bulk 3-D morphology of the donor-acceptor network. 

Lastly, the optical properties of the photoactive layers were investigated as well. 

The absorption and extinction coefficient were both extracted over a wavelength 

spectrum in the visible and UV ranges. All of these optical properties showed 

increasing peaks in the visible region as the photoactive layer concentration increased. 
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As the amount of organics in the thin film increased, the photons had more molecules 

and electrons to stimulate, generating more excitons. Subsequently, enhanced current 

density was observed in the devices fabricated with more concentrated photoactive 

layers. The 35:28 blend did have the maximum peaks of absorption and extinction 

coefficient, but the recombination in the layer, evident by the stray resistance values, 

prohibited that photoactive layer from efficiently dissociating the electron-hole pairs. 

VIL2 Future Work 

The structure of organic solar cells fabricated in this research 

(ITO/PEDOT:PSS/P3HT:PCBM/Al) currently serve as a reference or a base for 

emerging solar cells technologies. Most modern research OSCs contain interfacial 

buffer layers that serve as either a charge blocker or charge transporting agent. For 

example, other studies show that the fullerene tends to settle at the bottom of the 

photoactive layer [52]. This problem is being addressed by incorporating a film of 

P3HT sandwiched between the PEDOT:PSS layer and the bulk heteroj unction 

P3HT:PCBM photoactive layer [75], which enhances the electron blocking capabilities 

of the PEDOT:PSS layer and improves the optical and electrical properties of the cells. 

To further enhance the charge transport in polymer-fullerene solar cells, 

interfacial metal oxide layers are being implemented into the device. The transparent 

oxides have been implemented between the PEDOT:PSS and P3HT:PCBM donor-

acceptor network [75,76] and between the photoactive layer and the cathode [31]. All of 

these techniques enhance the charge transport in the devices, which is evident through 

improved fill factor and PCE. 
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Currently, work is being done on tandem solar cell structures, in which two 

individual layers of PEDOT:PSS/polymer:fullerene/TiOx are sandwiched between the 

ITO and aluminum [24]. In these structures, the two polymer:fullerene photoactive 

layers are different; one of them will be the classical P3HT:PC6iBM heteroj unction, as 

detailed in this thesis study, and the other will incorporate a new low-bandgap polymer 

such as PCPDTBT [77] or PCDTBT [78]. These lower-bandgap polymers are 

advantageous because they can harvest solar irradiation deeper into the infrared region, 

while the P3HT absorption drops to 0 at wavelengths of -650 nm. When the tandem 

structures are implemented, one polymer: fullerene layer consists of the traditional 

P3HT:PCBM blend, which has absorption peaks in the visible range. The other cell in 

the tandem structure uses a blend of lower-bandgap polymer and fullerene, such as 

PCPDTBT:PCBM, which has local peaks of absorption in the wavelength range of 750-

800 nm [79]. The two distinct photoactive layer blends, when used together, can harvest 

a very wide range of irradiation; also, the titanium oxide spacers enhance the open 

circuit voltage of the devices [78], which will greatly increase the maximum power point 

of the devices. 

VII.3 Importance of Thesis Work 

The volatility of the global energy market, as well as the increasing evidence of 

global warming, have emphasized the need for a clean, renewable form of energy to 

supplement the current energy portfolio [6,7,8]. Organic solar cell technology is far 

from being a market force due to the relatively low device efficiencies and instability in 

ambient air [25,26]. However, the flexibility of polymer chemistry and device structures 
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show great promise for the technology [18]. Currently, P3HT:PCBM solar cells are 

being used as a base or a reference to produce the next generation of solar cells with 

interfacial layers [31,74,75,76] and tandem structures that utilize lower-bandgap 

polymers [24,77,78,79]. In order to maximize the efficiencies of these novel structures, 

every aspect of the device must be optimized. One of the most important and also 

volatile layers of the organic solar cells is the polymer-fullerene bulk heterojunction. In 

order for the entire device to function efficiently, the photoactive layer has to be 

optimized. In this study, the photoactive layer of P3HT:PCBM was optimized by 

increasing the material concentration of polymer and fullerene while keeping the weight 

ratio of the organics constant prior to deposition. This will set the groundwork for the 

next generation of polymer photovoltaics. 
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