
ABSTRACT 

Awartani, Omar Marwan. Mechanical and Electrical Behavior of Organic Solar Cells 

Probed Through Detailed Morphological Control. (Under the direction of Dr. Brendan T. 

OôConnor) 

 

One of the main advantages of organic solar cells is their potential to be used in flexible 

or even stretchable applications. Most research in the field of organic solar cells is focused on 

materials synthesis, device physics, and the relationship between morphology and the 

optoelectronic performance. In order for this technology to be commercially competitive, 

especially for flexible applications, a more complete picture that explores the mechanical 

properties of organic materials and how they relate to their optoelectronic properties is 

necessary. This thesis consists of two main research tracks: The first track focuses mainly on 

the effect of morphology on the mechanical, electrical and optical performance of organic 

solar cells controlled through varying processing conditions. Two mechanical properties are 

investigated including the elastic modulus and crack onset strain of P3HT, PCBM and blend 

(BHJ) films. The second track utilizes the high achievable ductility of organic 

semiconducting films that is investigated in the first track of the thesis, to create novel solar 

cell device architectures and to gain insight into the performance and recombination losses of 

organic solar cells.  Processing ductile BHJ films is used to create organic solar cells with 

controlled level of polarization with both opaque and semi-transparent architectures. 

Moreover, using the strain-alignment method the efficiency of low and high order P3HT 

aggregates is probed within the same film to show similar internal quantum efficiency for the 

two different morphological P3HT domains. This selective probing technique provides 

significant insight into performance loss mechanisms in organic solar cells.   
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1 Introduction 

1.1 Global energy needs and solar energy 

 

The global demand for energy is continuously increasing with electricity and modern 

means of transportation reaching more and more people around the world. Since 1989 the 

global energy consumption increased from the equivalent of 8500 million tons of oil to 

13,000 million tons in 2014.1 As seen in Figure 1, most of this energy is produced from fossil 

based fuels such as oil, coal and natural gas. Due to the finite resources of fossil fuels and 

their harmful environmental impact, a global push to drive renewable energy resources is not 

only environmentally wise but inevitable in the long run in order to meet our future energy 

needs. Renewable energy sources will not be able to replace fossil fuels anytime soon but can 

definitely be a major complimentary energy source to fossil fuels. Currently non-

hydroelectric renewable energy technologies only account for 2.5% of the global energy 

production. This is mainly due to the price of electricity produced by such technologies. In 

order to make the price of electricity competitive with fossil fuels we need to increase the 

conversion efficiency of these resources and reduce the cost of production and installation. 

Therefore, research efforts in these areas are crucial in driving these technologies to the 

market at competitive prices. 
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Figure 1 The contribution of each energy source to the global energy consumption from 1989 

to 20141 

 

Among renewable energy sources, solar energy provides a very promising resource 

due to the vast abundance of solar resource around the world. According to energy 

consumption predictions by the United State Department of Energy, the world will consume 

approximately 200 million billion Watt-hours of energy by 2030.2 Using solar energy alone, 

and based on a 20% operating efficiency solar cells, we can power the world with 496,805 

km2 of solar cells. This area to the worldôs area is represented in small boxes to scale in 

Figure 2. While it is unfeasible to meet the worldôs energy demand using a single energy 

source, this figure can definitely help shed some light on the enormous potential of solar 

power in playing a major role in meeting the worldôs energy demand. 
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Figure 2 The area required to power the world using solar power only according to global 

energy consumption predictions by 20303 

 

1.2 State of the art of solar cell technologies 

 

Solar energy technology is a wide term that includes all technologies that convert light 

(electromagnetic waves) into useful energy. In this thesis we deal with photovoltaic cells 

(commonly known as solar cells), a technology that directly converts light into electricity 

using the photovoltaic effect.4 There are a number of photovoltaic technologies with several 

different materials and architectures that enable them to capture light energy and convert it 

into electricity. Figure 3 shows the record efficiency of different solar cell technologies that 

have been verified by the National Renewable Energy Laboratory (NREL). It can be seen 

that some technologies have superior efficiencies such as multijunction solar cells. Instead of 
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using a single material with a single bandgap that absorbs a specific range of wavelengths, 

multijunction solar cells use more than one material allowing them to absorb a wider range of 

wavelengths of the solar spectrum while also minimizing thermalization losses of high 

energy light.5 These solar cells can reach outstanding efficiencies up to 46% according to 

NRELôs efficiency chart. However, these solar cells are very costly and thus used in 

applications where surface area is limited and cost is less important such as space 

applications6 or in concentrated photovoltaic solar cells where the area of the solar cell is 

minimized.7 More than 90% of all photovoltaics installed globally are Silicon based solar 

cells.8 Silicon is abundantly available and the price of Silicon wafers is continuously 

decreasing, however the cost of electricity using these solar cells is still high and requires 

substantial governmental subsidies to make it competitive with fossil fuels. Moreover, 

Silicon solar cells, like most other photovoltaic technologies, require cleanroom production 

facilities causing the cost of production to drastically increase. The development of a cheaper 

photovoltaic technology with high versatility and low cost of production is necessary to push 

photovoltaics forward. 
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Figure 3 Highest solar cells efficiencies of different solar cell technologies that are verified 

by the National Renewable Energy Laboratory9 

 

1.3 Organic solar cell technology 

 

Organic photovoltaics offer an attractive alternative to conventional solar cell 

technologies due to their potential low-cost, light-weight and flexibility. The relatively low 

efficiencies of different organic solar cells technologies are steadily improving due to better 

understanding of the device physics, superior materials and smarter architectures. However, 

understanding and characterizing the mechanical properties of these materials is crucial to the 

success of these, potentially, flexible solar cells. In this chapter we introduce some basic 

principles of device operation of organic solar cells and relate that to the device morphology.  

We then introduce some thin film mechanics that is used to explain the mechanical behavior 

of the organic solar cell active layer. 



6 

 

Device Operation: 

 

In the first attempts of creating an all-organic solar cell, a single layer of an organic 

material was sandwiched between two electrodes with different work functions. However 

these devices resulted in very low power conversion efficiencies up to 0.3 %.10 In 1986, Tang 

introduced a two-material system using p-type and n-type organic materials in a bilayer 

system as seen in Figure 4-b. His bilayer device architecture resulted in a power conversion 

efficiency of ~1 % under 75 mW/m2.11 Unlike a single material system, the organic-organic 

solar cell does not rely on doping of semiconductors (the bias field).11 The interface between 

the two materials plays a major role in the photogenertaion process as the energy offset 

between the donor-acceptor materialsô molecular orbits provides the necessary driving force 

to separate the Coulombically bound electron-hole pair, known as an exciton. Therefore, 

increasing the surface area of the two materials will help increase the photogenerated current. 

Once the exciton dissociates the carrier must be swept out of the device before it recombines 

with an opposite charge. In a perfect architecture the two materialsô interface is maximized 

while also having a  clear path for carrier collection, which can be found in a comb-like 

structure as seen in Figure 4-d. Excitons as well as free charges in organic materials have 

relatively low mobilities and short lifetimes therefore a short diffusion length. For that reason 

the domain size of each of the materials and the total thickness of the device has to be 

optimized in order to maximize light absorption, exciton diffusion and charge transport 

within the active layer. 
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Figure 4 Four different organic solar cells architectures: (a) a single-layer solar cell, (b) a 

bilayer solar cells, (c) a bulk-heterojunction solar cell, (d) an ordered 'comb-like' 

heterojunction.12  

 

One way to create small and well mixed domain in the active layer is by creating a 

bulk-heterojunction architecture as seen in Figure 4-c. A typical BHJ is made by mixing the 

n-type and p-type materials in a single solution and spin casting the solution resulting in a 

thin blend film. This type of OPVs is the most widely used architecture as it has surpassed 

the efficiency of the bilayer-device structure. In this thesis, the two organic materials that we 

study are poly(3-hexylthiophene) (P3HT) an electron donor and [6,6]-phenyl C61-butyric 

acid methyl ester (PCBM) an electron acceptor, their molecular structures are shown in 

Figure 5. P3HT, a semicrystalline polymer, and PCBM, a fullerene, are the most widely 

studied combination for organic solar cells applications.13 
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Figure 5 The molecular structure of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-

butyric acid methyl ester (PCBM).14 
 

1.4  Power conversion efficiency of solar cells 

 

 The performance of a solar cell is typically tested in standard AM1.5G, which is also 

known as 1-sun conditions, with irradiance power of ~100 mW/cm2. A standard solar 

spectrum for AM1.5G conditions is shown in Figure 6. A parameter that is used to describe 

the overall performance of a solar cell is the power conversion efficiency (ɖ) or (PCE) which 

can be defined as: 

 out m m SC OC

in inc inc

P J V J V FF

P P P
h= = =   (1.1) 

Where Pout is the power obtained from the solar cell, Pinc is the power of the incident light on 

the device area, Jm and Vm are the maximum operating voltage and current, respectively, JSC 

is the short circuit current, VOC is the open circuit voltage, FF is the fill factor. These 

parameters are obtained from a current-voltage measurement, commonly known as an óI-V 

curveô. A typical I-V curve for a solar cell is shown in Figure 7.  
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Figure 6 Standard AM1.5G solar spectrum.15 

 

Figure 7 A typical current-voltage characteristic curves for a solar cell tested in the dark and 

under illumination. The important parameters are labelled on the curve.16 
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Upon light absorption an organic solar cells converts the absorbed photon to electrical 

current through what is essentially a four-step process, illustrated in Figure 8, described 

below:  

 

Figure 8 Left: A typical device structure for a bilayer organic solar cell.( 

http://www.cstf.kyushu-u.ac.jp/~adachilab/lab/?page_id=3927) Right: The process of 

photocurrent generation upon light absorption by a donor-acceptor material system.17 

 

1) Photon absorption and exciton generation. 

The first step is the creation of an exciton after the absorption of a photon. The exciton 

diffuses inside the material until recombining or reaching the donor-acceptor interface, where 

the charge can dissociate. A prerequisite of this process is that the energy of the incident 

photon be equal or larger that the materials optical energy gap. In organic materials where 

molecules are not perfectly stacked, it is difficult to form a distinct conduction and valence 

bands as in inorganic materials. In organic materials there is the Highest Occupied Molecular 

Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) instead. 

Absorption efficiency depends largely on the organic materialsô absorption spectra. However 



11 

 

the design of the devices, including their thickness and structure, also plays a significant role 

in capturing incident wavelengths.18,19 

2) Exciton diffusion to donor/acceptor interface. 

The exciton diffusion length determines how far an exciton can travel before recombining. 

Longer diffusion length is closely related to a larger chance that the exciton reaches the 

interface increasing the probability of exciton separation at the donor-acceptor (D/A) 

interface. The morphology of the boundary also plays an important role. The size of the 

donor and acceptor domains have to be relatively small (~20nm). Once an organic exciton is 

photogenerated, it can diffuse to a remote site, and simultaneously decay (radiatively or non-

radiatively) to its ground state within pico to nano seconds. The average exciton diffusion 

length is typically averaged at 10-70 nm for organic solar cells. However, this depends 

largely on the morphology of the material.18,19 

3) Exciton split or changed carrier generation at donor/acceptor interface. 

During this step, the excitons split into free charges. The properties of the donor and acceptor 

and device structure have critical effect on this step. Once the exciton diffuses to a 

donor/acceptor interface, the interface potential field (because of the donor/acceptor frontier 

orbital energy offsets) quickly separates the exciton into a free ion pair with a free electron at 

acceptor (LUMO) and a free hole at donor (HOMO).18,19 

4) Carrier diffusion and collection by electrodes. 

Once the carriers (holes or electrons) are generated, the positive charges (holes) diffuse 

toward the high work function electrode and the negative charges (electrons) move toward 
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the low work function electrode as seen in Figure 8 The difference in the work function 

between the two electrodes generates a driving force for carrier drift.19  

These steps describe the process of photocurrent generation in organic solar cells. In 

any of these steps there are mechanisms that can reduce the probability of successful charge 

generation and extraction from an organic solar cell, these mechanisms are referred to as 

recombination mechanisms and will be discussed in more details in the next section, Section 

1.5. 
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1.5 Recombination Mechanisms in Organic Solar Cells 

 

Recombination of charge-carriers in organic solar cells reduces the short circuit 

current and fill factor. Understanding and quantifying recombination is, therefore, very 

important for improving the power conversion efficiency of organic solar cells. Organic 

materials tend to have a relatively low dielectric constant (e.g. P3HT is ~3)20 in comparison 

to inorganic semiconductors that typically have large dielectric constants (e.g. Silicon is 

~12)21. This results in larger Coulombic attractive forces between electrons and holes in the 

material (i.e. lower charge screening). For that reason the dissociation of an excited electron-

hole pair into free collectable charge carriers is inefficient in many cases. The excited 

electron-hole pair (exciton) can recombine back to the ground state in a process known as 

geminate recombination before being fully dissociated into free charge carriers. If the 

electron-hole pair was able to fully dissociate each of the carriers can still recombine back to 

the ground state in a process known as non-geminate recombination. In Figure 9 a detailed 

schematic shows the processes that begin with light absorption and end in charge collection 

highlighting the possible loss mechanisms. In both cases of geminate and non-geminate 

recombination the photon energy that was absorbed is lost and the number of carriers 

collected at the electrodes is reduced by these loss mechanisms. There are several loss 

mechanisms that fall under geminate and non-geminate recombination. The most important 

distinction between the two recombination mechanisms is that geminate recombination 

occurs before the free carriers are created, whereas non-geminate recombination happens 

afterwards. Non-geminate recombination includes the recombination of a free electron and a 

free hole known as bimolecular recombination, and the recombination of a trapped electron 

(or hole) and a free hole (or electron) known as trap-assisted recombination.  



14 

 

Bimolecular recombination is one of the most dominant non-geminate recombination 

mechanisms in organic solar cells.  

 

 

Figure 9 Recombination mechanisms in an organic donor-acceptor solar cell. The geminate 

mechanisms: (a) exciton decay after excitation, (b) recombination through the CT state, and 

the non-geminate mechanisms: (c) recombination of free holes and electrons, (d) (c) 

recombination of free holes and electrons, (d) recombination of free carrier with carrier 

trapped on sites within the band gap.22 

 

Determining what causes a geminate pair to recombine or dissociate into free carriers 

remains an active area in research. Previous research has focused on the importance of 

domain size and energetic offsets between the donor and acceptor.23,24 However recent work 

suggested that the delocalization of CT states25, molecular reorganization energies, excess 

energy from above-gap photons all play a significant role in determining whether an exciton 

will be lost to geminate recombination or fully dissociate. Research focused on 

understanding the underlying physical processes behind recombination mechanisms in 

organic solar cells is essential to the success of the technology. 
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1.6 Transfer Matrix Model  and Light Absorption 

1.6.1 Modeling 

 

Light absorption in the active layer of an organic solar cell depends on the electric field 

intensity within the active layer, therefore to accurately determine light absorption within a 

single layer it is necessary to take into account the other layers of the stack that light interacts 

with. When light is incident on a stack of semi-transparent layers, the light absorbed in each 

layer is coupled to the light absorbed or reflected in every other layer among the stack. In an 

organic solar cell, every layer of the stack, besides the substrate, is typically thinner than the 

wavelength of the absorbed light, and therefore optical interference must be taken into 

account. Accurately determining light absorption within the active layer is necessary in order 

to investigate recombination losses in organic solar cells. This will be discussed in more 

details in Chapter 6.  
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Figure 10 Multilayer stack of m layers on a thick transparent substrate. Arrows indicate the 

direction of the electric field (E) direction, with óTô and óRô indicating transmission and 

reflection between each of the layers.26 

 

Here, the intensity distribution of light within the device stack is modeled using transfer 

matrix formulism. In this model, illustrated in Figure 10, E0
+ indicates the electromagnetic 

waves propagating to the right by transmission (t) through each of the stack layers. E0
- 

indicated the electromagnetic waves travelling left due to the reflection (r) at each of the 

interfaces,  rij  and tij are the Frensel reflection and transmission coefficients respectively 

between i-th and j-th layer, for parallel polarization (p):27 
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The Frensel reflection and transmission coefficients for perpendicular polarization (s):27 
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where n  is the complex refractive index and is equal to 
j jn n ik= + and is given in Appendix 

A for every layer of the OPV stack used in the experiments, ɗ is the complex refractive angle. 

Reflection and transmission can be described by an interface matrix (I),28 
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 and the attenuation in at layer i can be described by a layer matrix:28 

 
0

0

i i

i i

i d

i i d

e
L

e

x

x

-å õ
=æ ö
ç ÷

  (1.7) 

 

where d is the thickness of layer I, ɝ is the phase shift due to the light passing through layer I, 

and is equal to: 
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The total system transfer matrix S relates the electric field in the first and last layer: 
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Where matrix S is equal to:26 
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The total reflection and transmission coefficient can be expressed using the total system t 

transfer matrix S:26 
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Using these coefficients we can describe the total transmissivity (T) and reflectivity (R) of 

the total stack: 
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The total absorptance of the stack is equal to 1A T R= - -  

 

1.6.2 Experimental Absorption 

 

In order to accurately determine light absorption of the active layer or any of the 

layers within the stack we use a combination of theoretical calculations and experimental 

measurements.29 The total absorption of the stack is measured using a reflection-based 

experiment using an integrating sphere as seen in Figure 11 and Figure 12. A white light 

source was used and directed at one of the two side openings of the sphere. The light was 

collimated using an optical lens. In order to reduce the spot size of the light an iris was used 

at the entrance of the sphere. Behind the iris, a linear wire-grid polarizer was used to control 

the polarization angle of the incident light onto the sample. An optical fiber connected to a 
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spectrometer was attached to the opening on top of the sphere and sealed using white paper 

and tape. The optical fiber was covered using a óbaffleô. The baffle makes sure that the 

optical fiber is detecting the scattered light from the walls of the sphere and not any direct 

reflections from the sample or the mounting rod. It is important to make sure that the sample 

size is much smaller than the size of the integrating sphere. A schematic showing the 

experimental setup for light reflection measurement is shown in Figure 11.  

To measure the total absorption of a sample, first a reflection reference spectrum is 

taken by measuring the spectral intensity without the sample for each light polarization (a 

reference spectrum). The sample is then inserted into the sphere and the same measurement 

is taken under each polarization. The sample spectrum is then normalized to the reference 

spectrum to measure the reflection from the sample only without including any air scattering 

or any room-light noise detected by the spectrometer. 

transmission of glass  source spectrum (sample)
reflection spectrum of sample = 

transmission of glass  source spectrum (reference)

³

³
  (1.15) 
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Figure 11 A schematic showing the experimental setup for light absorption using an 

integrating sphere 



21 

 

 

Figure 12 Light absorption actual experimental setup using the integrating sphere. Inset: 

shows the sample measured, with a full opaque Al back evaporated onto the device after all 

electrical testing is complete. 

 

 

Figure 13 Sample mount into the integrating sphere.  Teflon tape is used to cover the metal 

rod to reduce strong light reflection off the metal. (left) film absorption with light polarized 

perpendicular to strain, (right) with light polarized parallel to strain. Details on the strain 

process are described in Section 3.2.3. 
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1.7 Ellipsometry 

 

In our research area, which is mainly focused on isotropic and anisotropic organic thin 

films, ellipsometry provides a very powerful and accurate tool to characterize two very 

important properties of organic thin films: film thickness and optical constants. There are two 

crucial advantages of ellipsometry, firstly, its extreme sensitivity to very thin films allowing 

for highly accurate measurements, secondly, it is a non-destructive characterization tool that 

does not alter the film quality or morphology during the measurement. This allows us to 

measure the same film multiple times at different angles and orientations which is essential 

for the characterization of anisotropic organic thin films.  Figure 14 shows the ellipsometer 

we used for our thin film measurements, it is a J. A. Woollam Co. Inc M2000 ellipsometer. 

 

Figure 14 J.A. Woollam M-2000-Series Spectroscopic Ellipsometer.30 
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Ellipsometry is an optical characterization technique that is used mainly to determine 

film thickness and optical constants, however it can also be used to characterize roughness, 

composition, doping concentration, crystallinity and other material properties. Ellipsometry 

measures the change of the polarization state of light as it is reflected or transmitted through 

a material structure. Light, which is an electromagnetic wave, consists of an oscillating 

orthogonal electric and magnetic field waves. The polarization of light is dictated by the 

oscillation direction of the electric field. Light polarization can be linear, circular or elliptical 

as seen in Figure 15. 

 

Figure 15 Polarization states of light. (a) linear, (b) circular, (c) elliptical.30 
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Ellipsometry measurements are mainly focused on the change in the p and s 

components upon light reflection or transmission through a sample. Therefore, the reference 

beam is a key part of the measurement. The incident light on sample is therefore a light 

source with a known polarization state, and the output light (reflected or transmitted) is then 

measured using an analyzer/detector. A typical ellipsometer configuration is shown in Figure 

16. 

 

Figure 16 Schematic overview of an ellipsometer. A linearly polarized light is converted into 

an elliptically polarized light upon reflection from the sample.31 

 

An ellipsometric measurement quantifies the phase difference between the p-polarization of 

the electric field (EP) and the s-polarization of the electric field (ES), ȹ, and their amplitude 

ratio change given by tanɊ. For a reflecting surface: 

 rp rsd dD= -  (1.16) 
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The generalized ellipsometric equation can be expressed using these two parameters: 
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where rp and rs are the Frensel reflection coefficients. Figure XX, shows a typical 

ellipsometric measurement of ȹ and Ɋ, with a model fit. An ellipsometric measurement with 

a model fit on a BHJ films is shown in Figure 17. 

 

Figure 17 An ellipsometric measurement of Ɋ (red line) and ȹ (green line) of a BHJ film 

over a transparent wavelength range between 750-1100 nm. The fit (dotted line) generated 

using a Cauchy model. 

 

A major part of an accurate ellipsometric measurement is the model used to fit the 

raw data. Several models such as Cauchy, Biaxial, Lorentz and others can be used for 

different films with different optical properties.32 Using accurate optical constants for known 

layers of a stack or a single film can further reduce measurement error, see Appendix A and 

B for optical constants for the materials used in our studies.33,34 Accurately determining the 
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optical constants of an anisotropic organic thin film can be challenging, however it is 

necessary for making precise predictions about different materials properties, Figure 18 

shows the anisotropic optical constants used for strain-aligned BHJ (biaxially oriented).35,36 

 

Figure 18 Optical constants for strain-aligned BHJ films in the x, y and z axis. The two in-

plane axis are x and y. 
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1.8 Mechanics of Organic Materials 

 

Organic semi-conducting materials are a special family of semi-conducting materials as 

some of these materials are intrinsically flexible. This allows for the design and fabrication of 

devices for flexible applications, an advantage that conventional semi-conducting materials 

could not offer. Flexible applications can be used across all electronic devices such as 

transistors, solar cells, light emitting diodes (LEDS) and other applications as seen in Figure 

19. 

 

Figure 19 Flexible applications for organic semi-conductors. (a) flexible transistor network,37 

(b) flexible organic solar cells,38 (c) flexible display of OLEDs.39  

 

While some flexible organic electronic technologies are near commercialization such 

as OLED displays by LG and Samsung, others such as organic transistors and organic solar 

cells are still in the developing stages but appear to be very promising for flexible 

applications. There has been several studies studying flexile solar cells under bending or even 

stretching. A study that investigated the performance of polymer:fullerene BHJ solar cells 

under bending with a flexible PET substrate and silver nano wires as an electrode.40 The 

researchers tested different polymer:fullerene systems under a range of bending angles where 

they show the ability of these devices to operate under bending as well as in their original 

relaxed positions as Figure 20 shows. Two of the polymers used were alternating benzo[1,2-



28 

 

b:4,5-b' ]dithiophene (BnDT) and fluorinated 2-alkyl-benzo[d][1,2,3]triazoles (PBnDT-

FTAZ) and alternating benzo[1,2-b:4,5-b' ]dithiophene (BnDT) PBnDT- and 4,7-

di(thiophen-2-yl)benzothiadiazole (PBnDT-DTffBT).40  

 

Figure 20 I-V curves for PBnDT-FTAZ and PBnDT-DTffBT tested under a range of bending 

angles40 

 

The ability of organic solar cells to work under bending is one proven example of the 

advantage these devices have over conventional photovoltaics. However, organic solar cells 

were also proven to work when stretched and relaxed for several cycles as seen in Figure 
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2141, as well as compressed on a very thin substrate (crumbled) and flattened in cycles as 

Figure 22 shows.42 

 

Figure 21 IV-curves for a stretchable OPV tested under different strains (a) from 0% to 

22.2% strain (b) from 0% to 18.5% for 2 and 11 cycles.41 
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Figure 22 Stretchable solar cells compressed by using a pre-strained elastomer (a) IV-curves 

of OPVS while compressed and extended in 1 (black), 11 (red) and 22 (blue) cycles, (b) 

Performance characteristics normalized as a function of cycle number.42 

When describing the mechanical behavior of a thin films, two critical characteristics 

that can help mechanically describe a material is the Youngôs modulus, that is a measure of 

how stiff a material is, and crack onset strain, which is a measure of how much strain can be 

applied on this material before cracks are formed. For bulk materials, these properties are 

typically determined using a tensile tester,43 as seen in Figure 23. A tensile tester is a tool that 

applies a controlled tension on a sample of known dimensions either by setting a certain 

force or strain range. The tool can also strain the sample until failure. A typical measurement 

is shown in Figure 23, the slope of the linear portion of the curve is the Youngôs modulus of 

the material and the strain at the failure point is considered the fracture point of the 

material.43 However for thin films we cannot assume that their mechanical properties are the 
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same as their bulk form. Relatively large samples of organic semi-conducting materials have 

been fabricated using a solid-state processing technique in an attempt to determine the bulk 

properties of these materials,44 however these properties are not very useful when describing 

the mechanical properties of these materials in a device as most of these organic 

semiconductors they are typically incorporated into devices structures as very thin films 

(<500nm). 

 

Figure 23 A typical stress-strain curve from a tensile test. The slope of the linear part of the 

curve represents the Young's modulus of the material.45,46 

 

 A method that allows for the measurement of elastic modulus of thin films (nanoscale 

films) is a buckling-based technique that uses the microscale characteristic buckling 

wavelength of a thin film under compression on a flexible substrate as shown in Figure 24. 

The characteristic wavelength of the wrinkles is then related to the elastic modulus of the thin 

film.47,48 
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Figure 24 Surface wrinkling of a thin film of length L and height h laminated onto a flexible 

substrate. The thin film forms buckles of wavelength ɚ and amplitude A under 

compression.48 

 

Using force balance and a plane-strain condition surface wrinkling can be described 

in a classical equation for bending of a stiff film on an elastic substrate:48,49 
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where ( )2/ 1E E v= -   is the plane-strain modulus, E  is the Youngôs modulus, v  is the 

Poissonôs ratio, 3 /12I wh=  is the moment of inertia with w  and h  corresponding to the 

width and height of the film, F  is the compressive uniaxial force applied on the film, and k  

is the Winklerôs modulus of an elastic half-space ( /sk E wp l= ) . In Equation 1 we have 

three terms, the first and third terms are from the classical Euler-Bernoulli beam bending 

equation, where the bending forces in the film are equated with the force from substrate due 

to its deformation above and below its neutral plane. The second term of the equation 

includes the effect of the force (F) on the film. Buckling of a thin film on a flexible substrate 

is different from buckling of a column as it involves a balance between film bending (1st 

term) and substrate deformation (3rd term). Film bending acts to suppress short wavelengths, 

whereas substrate deformation acts to suppress long wavelengths. The resulting vertical 

deflection of the film over a flexible substrate can be described in a sinusoidal function: 
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Substituting Eq. 1.2 in 1.1: 
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Solving for the applied force (F) on the film: 
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Now we need to solve for ɚ by differentiating F with respect to ɚ and set the derivative equal 

to zero ( / 0F lµ µ =): 
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Eq. 1.5 relates the characteristic wavelength of a wrinkled film on a flexible substrate to the 

elastic modulus of the thin film fE , and is the basis of the surface buckling metrology. 

Rearranging Eq. 1.5: 
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Where Es is the elastic modulus of the flexible substrate, ɚ is the buckling wavelength, h is 

the height (thickness) of the thin film. This equation predicts the elastic modulus over a range 

of film thicknesses. As the thickness of the thin film increases the buckling wavelength 

increase as well maintaining a relatively constant modulus as shown in Figure 25, it also 

shows the linear relationship between thickness and buckling wavelength of a Polystyrene 

film, and the constant apparent film modulus over a range of thicknesses (~150nm-~250nm). 
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Figure 25 Experimental measurements of modulus and buckling wavelength for different PS 

thicknesses.47 

The linear relationship between the buckling wavelength and thickness of the films has also 

been shown for P3HT and PBTTT as seen in Figure 26, which confirms the accuracy of this 

equation in determining the modulus of P3HT regardless of film thickness,50 which is very 

important for the scope of this thesis as it is mainly focused on P3HT as our polymer 

material. 
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Figure 26 Buckling wavelengths vs thickness of (a) as-cast and annealed P3HT, (b) as-cast 

PBTTT, and (c) annealed PBTTT50 

 

While the modulus is shown to remain constant, as one would expect, over a range of 

thickness, the equation does seem to predict lower moduli at lower thickness (under 30 nm)51 

as seen in Figure 27. The apparent modulus decreases nearly an order of magnitude 

compared to thicker PS films. 
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Figure 27 Apparent modulus of PS films with different molecular weights as a function of 

film thickness 

 

The two key parameters that are required in a buckling-based method are buckling 

wavelength and film thickness. Other parameters such as Poissonôs ratio and the elastic 

modulus of the substrate are typically much simpler to obtain or estimate. Accurately 

measure the buckling wavelength of a compressed thin film can be done using affordable and 

available tools. Unlike most morphological features of a thin organic film which are typically 

in the nanometer scale, the buckling wavelengths are typically in the micrometer scale. 

Therefore, these micrometer features can be determined relatively accurately. There are 

several methods that can be used to measure the buckling wavelength (ɚ) for a thin film 

under compression such as atomic force microscopy, small-angle scattering and lastly optical 

microscopy, a technique that was used to determining buckling wavelengths in our studied. 

These different methods are illustrated in Figure 28. For thickness measurements there exists 

several methods as well including atomic force microscopy, profilometry and elliposometry. 
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In our studies we mainly rely on ellipsometry to determine thin film thicknesses. A 

description of ellipsometry is given in Section 1.7. 

 

Figure 28 Different methods for measuring the buckling wavelength of uniaxially 

compressed thin films. (a) optical microscopy, (b) atomic force microscopy, and (c) small-

angle scattering.52 

 

Despite the versatility and practicality of the buckling approach, it does not provide 

all mechanical properties of a thin film material, another method that is used to characterize 

mechanical properties of organic semiconducting films is the four-point bending method. It 

can help determine the fracture energy and adhesion strength of these materials.25 

Characterizing adhesive and cohesive failures in organic solar cells is crucial for the success 

of roll-to-roll processing, which is a big advantage of flexible organic semiconductors. Figure 

29 shows the technique used to measure fracture and adhesion strength of an organic thin 

films stack: 
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Figure 29 Four point bending mechanical test of an organic solar cells stack for adhesion and 

fracture energy characterization.25 

 

Researchers have shown that the cohesion energy of the BHJ layers (P3HT:PCBM) 

can be achieved by increasing the molecular weight of the P3HT and adjusting the active 

layer thickness as seen in Figure 30. The plasticity of P3HT can be increased through 

interchain ˊ-ˊ stacking for the crystalline segments within the film. This increases the 

number of can der Waals bonds that need to be broken for chain disentanglement.25 This 

control over the cohesive energy of the BHJ is important to drive this technology further 

towards roll-to-roll processing compatibility. 
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Figure 30 Cohesion energy of BHJ layers of different thicknesses made with P3HT of 

different molecular weight.25 

 

Controlling the mechanical behavior of organic solar cells, including all stacks of the 

device, is very important for the success of this technology in flexible applications. The 

tensile modulus of polymer:fullerene active layers has also been shown to rely on the Alkyl 

side-chain length in P3AT:PCBM system.53 Longer Alkyl side-chain length is related to a 

lower tensile modulus in a P3AT:PCBM blends as seen in Figure 31. This correlation is 

important as control of the tensile modulus of the active layer can be useful for the 

implementation of such systems into flexible and/or stretchable applications. The length of 

the side chains has an effect on the crack onset strain as well, where longer side-chains are 

shown to increase the crack onset strain of P3AT:PCBM blend films as Figure 32 shows. The 

authors attribute this effect to the reduction of volume fraction of the main-chain with 

increasing Alkyl side-chain length. The dilution of the volume fraction decreases the number 
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of load-bearing covalent bonds which causes a decrease in the tensile modulus and strength 

of the material.53 

 

Figure 31 Tensile modulus as a function of Alkyl side-chain length for P3AT:PCBM blends53 

 

 

Figure 32 Crack onset strain as a function of Alkyl side-chain length for P3AT:PCBM 

blends53 
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2 Mechanical Properties of Organic Solar Cells 

2.1 Introduction and motivation  

 

The development of flexible and physically robust organic solar cells requires detailed 

knowledge of the mechanical behavior of the heterogeneous material stack. However, in 

these devices there has been limited research on the mechanical properties of the active 

organic layer. Here, two critical mechanical properties, stiffness and ductility, of a widely 

studied organic solar cell active layer, a blend film composed P3HT and PCBM are reported. 

Processing conditions are varied to produce films with differing morphology and correlations 

are developed between the film morphology, mechanical properties and photovoltaic device 

performance. The morphology is characterized by fitting the absorption of the P3HT:PCBM 

films to a weakly interacting H-aggregate model. The elastic modulus is determined using a 

buckling metrology approach and the crack onset strain is determined by observing the film 

under tensile strain using optical microscopy. Both the elastic modulus and crack onset strain 

are found to vary significantly with processing conditions. Processing methods that result in 

improved device performance are shown to decrease both the compliance and ductility of the 

film. 

Advancements in power conversion efficiency continue to be made in organic solar cells 

pushing this technology closer to widespread commercial implementation.54,55 It is likely that 

many initial applications will require exploitation of the unique attribute of flexibility 

afforded by this technology. While organic photovoltaic (OPV) research is focused on 

materials synthesis,56 photophysics,57 and morphology-optoelectronic performance 

relationships,58,59 mechanical robustness is also critical for commercial success. As a device 

is flexed during fabrication and operation, the heterogeneous material stack must withstand 
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the resulting strains and continue to perform effectively. Research in this area has been 

focused on similarly structured organic light emitting device (OLED) technology.60 

Significant work has been done on the mechanical behavior of plastic substrates,61 

encapsulation,62 and electrodes.63,64 However, there has been little research on the mechanical 

behavior of the active organic semiconductor layers.65,66,67 In this chapter, we determine the 

elastic modulus and crack onset strain of a widely studied organic solar cell active layer, the 

bulk heterojunction (BHJ) thin film composed of poly(3-hexylthiophene) (P3HT) and [6,6]-

phenyl C61-butyric acid methyl ester (PCBM).68,69 Stiffness and ductility are key properties 

that can provide insight into mechanical failure mechanisms of the active layer.70 Previous 

research on the mechanical behavior of P3HT:PCBM blend films include analysis of 

adhesion,65 hardness,67 and stiffness.66,71 While the elastic modulus was previously reported, 

a detailed analysis that considered morphological differences was not provided.66 Of 

particular interest here is determining how the BHJ morphology, which is known to impact 

optoelectronic behavior,72,73 is reflected in the stiffness and ductility of the film. 

Understanding how the morphology of the active layer relates to both the electrical and 

mechanical behavior will assist in the development of flexible and physically robust organic 

solar cells. 

In P3HT:PCBM organic photovoltaic (OPV) devices, the polymer and fullerene 

derivative are typically dissolved in a common solvent at a 1:1 ratio by mass. The solution is 

then spun cast to form a thin film (~200 nm) in which the two materials spatially segregate 

on a nm length scale. It is well known that processing methods can strongly influence the 

morphology of P3HT:PCBM films, which in turn dictates OPV device performance.54,69,72 

While, the morphological picture of P3HT:PCBM solar cells has been widely studied, 
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intricacies of the morphology are continuing to evolve.58,74 The widely accepted 

morphological picture is that the blend film consists of regions of crystalline P3HT with 

negligible PCBM intercalation, and a mixed amorphous P3HT:PCBM phase.58 The materials 

may also vertically segregate within the film depending on interfacial surface energy and 

film thickness.75,76 There has been a wide range of processing methods used to optimize the 

morphology of the blend film including thermal annealing,72,77 solvent annealing,69,77 and/or 

the use of solvent additives.78,47 These processing conditions have been shown to increase 

P3HT crystallinity and improve the P3HT local order as illustrated in Figure 33. 

 

Figure 33 Simplified illustration of the effect of varying processing conditions on the 

morphological order or BHJ films. 

 

The focus of this work is to determine how the variation in the film morphology 

influences not only the OPV device performance but also the mechanical properties of the 

blend film. To vary the film morphology while keeping the film at device relevant 

thicknesses (~215±10 nm), a range of P3HT:PCBM solution concentrations and spin coating 

speeds are used. Spin speed is primarily used to vary the level of order within the film while 

solution concentration is used to ensure proper film thickness. In addition to casting method, 
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post-cast treatment by solvent and thermal annealing is used to further tune the film 

morphology. All BHJ films are cast on poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) coated silicon or ITO-glass 

substrates, depending on the subsequent measurements on the film. We focus on six unique 

P3HT:PCBM blend films with their processing parameters summarized in Table 1. We also 

consider neat P3HT and PCBM films for comparison with the blend films.  

 

Table 1 List of processing conditions for the films under study. All materials were dissolved 

in dichlorobenzene and cast at room temperature. The annealing process consisted of placing 

the films in an enclosed Petri dish for 20 miniutes followed by thermally annealling at 110C 

for 20 minutes. Additional details of the processing conditions are provided in the 

experimental section. 

 

The mechanical properties of the BHJ films were measured by physically manipulating 

the films on a poly(dimethylsiloxane) PDMS substrate. The elastic modulus was determined 

using a buckling metrology approach.50 This method consists of placing a compressive strain 

on the thin film-PDMS stack resulting in a characteristic buckling pattern as seen in Figure 

34. 
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Figure 34 Illustration of the buckling approach used to determine the elastic modulus of thin 

films. Image: Optical microscope image of a buckling pattern of a uniaxially compressed 

BHJ film. 

 

Once the film is buckled, the elastic modulus (E) is determined by Ef = 3Es( l B / 2p hf )
3
 

where, ɚB is the buckling wavelength, hf is the film thickness, and the plane-strain modulus is 

E = E / (1- n 2)

 

where ɜ is Poissonôs ratio.47 The subscripts f and s refer to the thin film and 

substrate, respectively. The elastic modulus of the PDMS is measured using a tensile tester 

and varied between 0.66 MPa and 0.73 MPa. Poissonôs ratio of PCBM is expected to be 

similar to C60, which has been reported as 0.36.79 Poissonôs ratio of P3HT has been 

theoretically estimated to be approximately 0.35.71 Therefore, Poissonôs ratio of all thin films 

is taken as 0.35 and Poissonôs ratio of PDMS is taken as 0.5.50,80 The average elastic modulus 

is determined by measuring a minimum of 3 films for each processing condition. To 

determine the crack onset strain, the film is strained on PDMS in tension until cracks are 

observed under an optical microscope.80,81 The average crack onset strain is determined by 

measuring a minimum of 4 films for the blend films, and a minimum of 2 films for the neat 

films. Images showing characteristic fracture behavior in the P3HT:PCBM films are 

provided in Figure 35. 
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Figure 35 Optical micrographs of P3HT:PCBM blend films. (a) Typical buckling pattern for 

P3HT:PCBM film on PDMS under compression (film type 6). P3HT:PCBM films showing 

fracture characteristic for (b) film type 6 and (c) film type 3. The difference in crack features 

is indicative of the difference in ductility between films. 

 

2.2 Results and Discussion 

2.2.1 Film Morphology and OPV Device Performance 

 

There have been a number of approaches used to characterize the morphology of 

P3HT:PCBM films in detail including X-ray scattering and electron microscopy, among 

others.58,82,83 While many features of the morphology have been uncovered, a complete 

picture remains under development. Elucidating the precise morphology is beyond the scope 

of this work and to determine differences in film morphology we turn to a simple, yet 

effective, approach of measuring the absorbance of the film with a UV-visible 

spectrometer.73 The normalized absorbance spectrum of the various BHJ films under study is 

provided in Figure 36. The absorbance spectrum over the visible range is dominated by 

P3HT with characteristic vibronic peaks at 550 nm and 605 nm.84,85 Qualitatively, a decrease 

in the ratio of the 550 nm absorbance peak to the 650 nm peak correlates to an increase in the 

P3HT local order.84,86 Quantitatively, the absorption spectrum represents a complex interplay 

between the interchain and intrachain coupling.84 Recently, the absorption of P3HT has been 
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successfully modeled based on H-aggregates comprised of co-facially packed conjugated 

chains in the case of weak excitonic coupling.73,84,86 This model is applied here to provide 

quantitative estimates of the fraction of aggregate P3HT in the blend, as well as the average 

conjugation length and quality of the aggregates. The absorption model fitting parameters 

include the exciton bandwidth (W), the Gaussian line width (ů), and the 0Ą0 transition 

energy (E00). W is a measure of the length of interacting chain segments forming the P3HT 

aggregate, and ů is a measure of the local interchain order. The fraction of aggregate P3HT in 

the blend is determined by modeling the contribution of aggregate P3HT to the total 

absorption spectrum.73,86. The best-fit values of W, ů, E00, and the estimated percentage of 

aggregate P3HT in the blend films under study are given in Table 3. The percentage of 

aggregate P3HT in the blend films is estimated to range from 35% to 51%. This estimate is 

based on the absorbance over the wavelength range of 400 nm to 750 nm and thus does not 

account for absorption of amorphous P3HT below 400 nm. The unaccounted absorption 

results in a slight overestimate of the percent aggregate P3HT in the films; however, the trend 

in the change of aggregate P3HT between films is expected to remain. 
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Figure 36 Normalized absorbance measurements of P3HT:PCBM films for various 

processing conditions. Legend, the film type is given in Table 1, the following number refers 

to spin cast speed, AC is for as-cast and AN is for annealed films. 

 

While the absorption parameters are associated with aggregate P3HT, they also provide 

indirect information about the blend film. It has been shown that P3HT crystals are largely 

free of intercalated PCBM.87 Thus, as processing methods are used to improve P3HT 

crystallinity, a higher concentration of PCBM is distributed throughout the amorphous P3HT 

region. The increase in P3HT crystallinity has also been shown to result in an increase in the 

electron mobility in the BHJ film, suggesting improved molecular connectivity of the PCBM 

in the mixed P3HT:PCBM phase.73 Finally, it has been shown that for similarly processed 

films, there is no substantial crystallization of the PCBM.58,74,88 

Organic solar cells were fabricated using the different P3HT:PCBM processing 

conditions summarized in Table 1, resulting in a large variation in device performance as 

Table 2 shows. In this study we focused on the BHJ film thickness that gives the highest 

power conversion efficiency of 3.7%, which is a film approximately 220 nm thick. As seen in 
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Figure 37, the difference in power conversion efficiency is largely driven by the change in 

short circuit current. To determine if the slight thickness variation, given in Table 1, causes a 

large change in the optical field intensity distribution in the active layer and thus contributes 

significantly to the observed differences in performance, the solar cells were modeled using a 

transfer matrix optical model.89 The change in short circuit current is determined by 

assuming an internal quantum efficiency of 70% for the BHJ over the incident light 

wavelength range of 300 to 800 nm. Using previously reported optical constants for each 

layer,89,90 the change in short circuit current due to thickness is predicted to be less than 7% 

and does not account for the large change in device performance observed. Therefore the 

change in performance is attributed to changes in the morphology of the P3HT:PCBM film. 

This difference in device performance is expected, where similar changes in absorbance 

characteristics have been correlated with the OPV external quantum efficiency.91 

Table 2 Shows the performance characteristics of the 6 different P3HT:PCBM solar cells 
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Figure 37 Top, the performance results for the 6 films under study, with processing methods 

given in Table 1. Bottom, current-voltage curves for the 6 films under 1-sun illumination 

conditions. 

 

2.2.2 Elastic Modulus 

 

The elastic modulus of the various P3HT:PCBM films was measured along with the 

elastic modulus of neat P3HT and PCBM films. The elastic modulus of the neat P3HT films 

was determined to be 0.22+/-0.03 GPa and the elastic modulus of the neat PCBM films was 

determined to be 3.06+/-0.17 GPa. The elastic modulus values compare well to other reports 

for P3HT of 0.22 GPa80 and 1.3 GPA,66 and PCBM of 6.2 GPa.66 The elastic modulus values 

of the neat films are found to be independent of annealing at 110°C. On the other hand, the 

elastic modulus of the P3HT:PCBM blend films are dependent on processing conditions, as 

shown in Figure 38 and Figure 39.  
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Figure 38 Elastic modulus of BHJ films with variation in PCBM volume fraction. The 

volume fraction was determined based on a density of P3HT of 1.1 g cm-3 and PCBM of 1.6 

g cm-3.21 The values are plotted along with the line for the rule of mixtures, and for the 

synergistic modulus with interaction term ɓ = 2.4 GPa. The P3HT:PCBM film type 7 is a 

film cast from 38 mg ml-1 solution, spun cast at 2,000 rpm without post cast annealing. Inset, 

an illustration of the buckling process used to determine the elastic modulus of the thin films. 
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Figure 39 (a-b) Correlations between the elastic modulus and morphology characteristics of 

P3HT:PCBM blend films including (a) the percent aggregate P3HT and (b) the inverse of the 

Gaussian line width (ů) from the H-aggregate absorption model. (c) Correlation between the 

power conversion efficiency and elastic modulus of the P3HT:PCBM films. The number next 

to each data point refers to the film type in Table 1. 

 

The elastic modulus of the P3HT:PCBM films was determined to be greater than the 

classical composite Voigt limit (rule of mixtures), as shown in Figure 38. This synergistic 

modulus is observed in some polymer-polymer blend films, and is typically seen when there 

is partial or complete miscibility of the polymers.92,93,94 The authors are unaware of any 

reports of a synergistic modulus composed of a highly loaded small molecule-polymer blend 

film similar to the P3HT:PCBM films under study. The increased modulus over that 

predicted by the Voigt model is given by E = E1f 1 + E2f 2 + b 12f 1f 2
, where E1 and E2 are the 

elastic modulus of components 1 and 2, respectively; and ű1 and ű2 are the volume fractions 
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of each component.93 The interaction term (ɓ12) expresses the magnitude of the deviation 

from nonlinearity. The modified composite model is fit to the data in Figure 4 for the blend 

film with the highest elastic modulus using ɓ12 = 2.4 GPa. A synergistic modulus and the 

level of modulus deviation from the rule of mixtures in polymer blends is typically attributed 

to an increase in crystallinity of one or both components, modified molecular orientation, the 

presence of reacted products, and/ or a negative volume of mixing as illustrated in Figure 

40.92,94  

 

Figure 40 A simplified illustration of the effect of annealing on the volume of a BHJ film. 

 

Synergistic mechanical behavior has been previously reported for Poly(etherimide) and 

Poly(trimethylene terephthalate) (PEI/PTT), where the modulus of the blends was higher 

than the modulus of either component as Figure 41 shows. This was attributed to the decrease 

in the specific volume upon blending as seen in Figure 42.92  
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Figure 41 The Young's modulus of PEI/PTT blends as a function of percent of PTT. The 

dotted line shows the linear composite modulus as predicted by the rule of mixtures.92 

 

Figure 42 The specific volume of PEI/PTT blends as a function of percent PTT  (The hollow 

circles), and the specific volume for the amorphous phase (filled circles).92 

 

In the P3HT:PCBM blend film there are no reaction products between the constituent 

materials that would contribute to the change in modulus. In addition, the percentage of 

aggregate P3HT in the neat P3HT films, given in Table 3, is similar to the highly ordered 
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blend films, and thus there is not a dramatic increase in crystallinity that would account for 

the synergistic modulus. There is however, a possible reduction in volume of the blend film 

over the pure components. It has recently been noted that annealing a bilayer film of P3HT 

and PCBM results in mixing of the two materials and a decrease in volume of the stack by 

approximately 1-2%.74 While this is a small relative change in thickness, similar changes 

have been attributed to substantial synergism in the elastic modulus of polymer blends.94 To 

determine the extent of a negative volume of mixing, further measurements are required. 

However it is believed that a negative volume of mixing aided by improved molecular 

packing is contributing to the synergistic modulus. Note that a large underestimation 

(overestimation) of the Poisson ratio of P3HT (PCBM) would result in an apparent 

synergistic modulus. However, given the similar Poisson ratios expected for these materials, 

this is not believed to contribute to the observed behavior. 

The variation in the elastic modulus of the different P3HT:PCBM blend films is 

attributed to differences in the negative volume of mixing and film order. In the blend film, 

an increase in P3HT crystallinity and local aggregate P3HT order (decrease in ů) is shown to 

correlate with an increase in elastic modulus in Figure 39. There is also a correlation between 

the increase in the aggregate P3HT chain length (decrease in W) and elastic modulus shown 

in Figure 45. This suggests that while a change in P3HT crystallinity when going from neat 

films to blend films is not a dominant feature of the synergistic behavior, the variation in 

P3HT order in the blend does appear to contribute to the variation in modulus. Processing 

methods used to increase the percent aggregate P3HT in the blend will result in the mixed 

amorphous phase becoming increasingly PCBM rich. Increased PCBM in the mixed phase 

region may result in extending tie-chains between P3HT crystals. This effect combined with 
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improved packing order of the aggregates may reduce the opportunity for polymer 

movement, contributing to the increase in modulus. This is discussed below in greater detail 

in the context of film ductility.  

The processing methods that allow for an increase in order through molecule 

reconfiguration during solidification will also provide an opportunity for a negative volume 

of mixing, and these characteristics are likely coupled. Interestingly, as shown in Figure 38, a 

fast cast (2,000 rpm) film with a concentration of 38 mg/ml, resulting in a film thickness of 

162 nm had the lowest elastic modulus determined in this study and is shown to follow the 

rule of mixtures closely. This is expected since the film is highly disordered due to the fast 

spin speed and thinner film resulting in a very fast drying time. This results in poor P3HT 

local order, which is reflected in the highly disordered absorbance character shown in Figure 

48. The fast drying time may also limit efficient molecular packing reducing the chance for a 

significant negative volume of mixing. Note, it was observed that processing methods used to 

vary film thickness resulted in systematic variations in the BHJ morphology, as assessed by 

the absorption spectrum, and correlated variations in the elastic modulus.  

The elastic modulus is also compared to the power conversion efficiency of OPV devices, 

shown in Figure 39. The improved film order resulting in the change in absorbance spectra as 

discussed above also leads to higher device performance. Thus, the elastic modulus and 

power conversion efficiency follow a similar trend to that of the elastic modulus and P3HT 

order.  

2.2.3 Crack Onset Strain 
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In addition to the elastic modulus, the crack onset strain is also critical to the success of 

flexible organic solar cells. Here, the role of the P3HT:PCBM blend film morphology on the 

crack onset strain is considered. In this test, the blend film was placed on a PDMS slab and 

strained in tension under a microscope until the first crack is observed in the film. Images of 

films showing characteristic fracture behavior are shown in Figure 35. Note, that it has been 

observed that the crack onset strain in thin films can be dependent on the elastic mismatch 

between the film and the substrate.95,96,97 However, the crack onset strain is insensitive to the 

substrate material as long as Ef >> ES,
95 which is satisfied for the films under study. The 

measured crack onset strain is compared to the percentage of aggregate P3HT, ů, and OPV 

power conversion efficiency in Figure 43. While cracking is a highly statistical process by 

nature and analysis through optical microscopy observation is not precise, the change in 

crack onset strain is clearly apparent, ranging from approximately 2% to over 80%. In the 

case of the highly ductile films, the PDMS substrate broke before the films cracked.  
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Figure 43 (a-b) Correlations between the crack onset strain and morphology characteristics of 

P3HT:PCBM blend films including (a) the percent aggregate P3HT and (b) the inverse of the 

Gaussian line width (ů) from the H-aggregate absorption model. (c) Correlation between the 

power conversion efficiency and crack onset strain on the blend films. The number next to 

each data point refers to the film type in Table 1. The arrows next to data points at 80% strain 

indicate that the PDMS fractured prior to film cracking and the actual crack onset strain is 

greater than 80%.  

 

Straining neat P3HT and PCBM films show the limiting behavior of the P3HT:PCBM 

blend film. P3HT films are highly ductile and films plastically deform up to the limit of 

PDMS, similar to previous reports.98 On the other hand, PCBM films are very brittle and 

crack under ~2% strain. Both pure films were strained under as-cast, and annealed conditions 

and no significant difference in crack onset strain was observed. The high ductility of neat 

P3HT films is expected since its glass transition temperature (Tg) is slightly below room 

temperature. The Tg of P3HT has been reported from 14°C to 24°C and likely depends on 



59 

 

processing methods, molecular weight, and thermal history.97,98 PCBM has a glass transition 

temperature much higher than room temperature, reported as 130°C86 and 148°C,98 which is 

consistent with its brittle behavior. The Tg of a P3HT:PCBM blend film with 1:1 ratio by 

mass is between these limits with reports of 39°C97 and 60°C.98 While these reported glass 

transition temperatures were determined for very thick drop cast films as opposed to the spun 

cast films studied here, the glass transition temperatures are expected to be in a similar range. 

The blend films in this study are all cast at a 50% relative mass loading; however a large 

change in ductility is observed. As shown in Figure 43, there is an abrupt change in the crack 

onset strain from over 80% to approximately 11%, and then a more gradual change from 

11% to 2% as film processing increases the percent of aggregate P3HT, and the quality of the 

aggregates (decrease in ů). There is also a correlation between the conjugation length of the 

aggregate P3HT (as determined by W) and crack onset strain, shown in Figure 47. The 

ductility of amorphous materials can be highly dependent on temperature, particular near the 

materials Tg. In the blend films, Tg is a property of the mixed-amorphous regions and thus it 

should vary with a change in the mixed phase composition. As processing methods are used 

to improve order within the blend, the aggregated P3HT increases from roughly 35% to 51%. 

This will result in the mixed amorphous phase becoming increasingly PCBM rich. In 

addition, the tie chains between P3HT crystals can also limit PCBM miscibility, resulting in 

the PCBM concentration in regions of the mixed phase even larger than expected from a pure 

P3HT crystallinity analysis.73 PCBM swelling the mixed phase region may result in 

extending the tie-chains between P3HT crystals reducing the opportunity for chain 

movement. The PCBM rich mixed phase and reduced chain mobility will likely result in an 

increase in the Tg of the mixed phase. In fact, increasing the loading of PCBM in a 
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P3HT:PCBM blend has been shown to increase the Tg of the film.97 The increase in Tg will 

then be reflected in a decrease in ductility at room temperature. In addition, the drop in crack 

onset strain with decreasing ů suggests that the P3HT aggregate quality also influences the 

ductility. The smaller Gaussian line width is indicative of a reduction in the stacking faults of 

the P3HT aggregates, and increase in the planarity of the P3HT chains. This ordering may 

reduce opportunities for the P3HT to plastically deform by sliding paracrystalline regions and 

loosely coupled tie-chains, which would be a concurrent effect along with the increase in the 

percentage of aggregate P3HT. From an alternative perspective, in the highly ordered films, a 

level of PCBM aggregation may be achieved consistently across the blend film resulting in 

continuous crack formation with minimal plastic deformation. However, large aggregates of 

PCBM are not expected to exist in these films.73  

Differences in the fracture characteristics between films of intermediate and high order 

are pictured in Figure 35. The highly ordered films show characteristic brittle behavior while 

films of intermediate order show features of ductile fracture. In the intermediately ordered 

films, a substantial amount of strain energy is likely dissipated through plastic deformation of 

the P3HT chains within the mixed phase regions of the film, prior to the chains being fully 

extended. On the other hand, the P3HT chains in the highly ordered films may already be 

fully extended removing opportunities for chain movement. This difference in packing 

character results in the difference in fracture behavior observed.  

Note that the variation in strain is quite large, and strains higher than a few percent is due 

to plastic deformation. While flexible device design should avoid plastic deformation, 

ductility is important from a durability perspective, where cracking will likely lead to 

catastrophic OPV device failure. 
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Absorbance Model 

To determine the quantity and quality of the aggregate P3HT in the P3HT:PCBM films, 

the absorption of the blend films associated with the aggregate P3HT was modeled using a 

weakly interacting H-aggregate model.82,84,72 To accurately model the P3HT, the absorbance 

of the PCBM was subtracted from the absorbance of the BHJ films using the relative values 

given by Turner et. al.72 In addition, specular and diffuse reflectance and light scattering not 

accounted for by the spectrometer measurements needs to be subtracted from the absorbance 

data. The absorbance was measured with PEDOT:PSS coated ITO-glass as a reference. 

However, differences in reflectivity between the sample and reference exist. To estimate the 

difference in specular reflectivity (R), a transfer matrix model was run for the film substrate 

stack using thicknesses of 1-mm glass, 100 nm ITO, 33 nm PEDOT:PSS and 215 nm 

P3HT:PCBM. The contribution of the reflected light to the measured absorbance [-log(1-R)] 

was then subtracted from the experimental absorbance data. The estimated contributions of 

absorbance from the PCBM and specular reflectivity are provided in Figure 44. Subtracting 

these contributions resulted in absorbance values with minimums values greater than zero for 

wavelengths over 700 nm. This is likely due to the source-light scattering that is not picked 

up by the detector. Therefore the minimum absorbance value between 650-750 nm was set to 

zero. The resulting absorbance data for the films are given in Figure 45 and the absorption of 

the aggregate P3HT was modeled using,72  
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where A is the absorbance as a function of the photon energy (E), S is the Huang-Rhys 

factor, m and n are differing vibration levels, E00 is the 0Ą0 transition energy, Ep is the 

intermolecular vibrational energy, and ů is the Gaussian line width. S is set to 1.0, and Ep is 

set to 0.18 eV. The absorbance spectrum of the 6 film types under consideration are modeled 

using W, ů, and E00 as fitting parameters. The values that gave the best fit are given in Table 

44. The experimental and modeled absorbance of each film is given in Figure 45. While there 

are several corrections to the measured absorbance, trends in the model fitting parameters 

remain similar when fit to the uncorrected absorbance spectra. The results for films 5 & 6 are 

in excellent agreement with similarly prepared films by Turner et al.72 Similarly neat P3HT 

films were also modeled for the absorbance given in Figure 46.  

The percentage of aggregate P3HT in the blend film is determined by taking the 

percentage of the absorbance spectrum that is from the H-aggregate model, and using the 

difference in the molar extinction coefficient (Ů) between the aggregate and amorphous P3HT 

of Ůaggregate =1.39(Ůamorphous).
84 Note that the estimate is based on the absorbance over the 

wavelength range of 400 nm to 750 nm and does not account for the absorption of 

amorphous P3HT below 400 nm. This results in an overestimate of the percent of aggregate 

P3HT and the total change of aggregate P3HT between the different P3HT:PCBM films. 

However, the trend in the change of aggregate P3HT between films is expected to remain. 
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Figure 44 Estimated contributions to the measured absorbance of P3HT:PCBM blend films 

from PCBM and the undetected specularly reflected light (R). Reflected light was calculated 

using transfer matrix model with a film stack on 1 mm glass, 100 nm ITO, 33 nm 

PEDOT:PSS, and 215 nm P3HT:PCBM blend film. 

 

Table 3 Best fit values for the fitting parameters used to model the aggregate P3HT 

absorption in the P3HT:PCBM blend films and neat P3HT films. 
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Figure 45 (a-f) The experimental absorption of the P3HT:PCBM films minus the contribution 

from PCBM and reflected light (ī). The absorption of aggregate P3HT modeled using the 

weakly coupled H-aggregate model (ī). The absorption from the amorphous P3HT, taken as 

the experimental absorption minus the absorption from the aggregate P3HT (- -). 
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Figure 46 Absorbance of the neat P3HT films for as-cast and annealed casting conditions. 

 

 

Figure 47 (a) Correlation between normalized absorbance and the elastic modulus of 

P3HT:PCBM blend films. The absorbance is taken as the ratio of absorbance at 605 nm to 

the peak P3HT absorbance for each film. (b) Relationship between the inverse of the exciton 

bandwidth (W) and the elastic modulus. (c) Relationship between the normalized absorbance 

and crack onset strain of the blend films. (d) Relationship between the inverse of the exciton 

bandwidth and the crack onset strain. 
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Elastic Modulus Thickness Dependence 

It was observed that significantly changing the thickness of the P3HT:PCBM blend films 

by varying the solution concentration while maintaining the same spin cast speed resulted in 

a change in the elastic modulus as shown in Figure 48. For example a 38 mg/ml solution cast 

at 2,000 rpm has a thickness of 162 nm and an elastic modulus of 1.47 GPa compared with a 

50 mg/ml solution spun at 2,000 rpm, which has a thickness of 239 nm and an elastic 

modulus of 1.92 GPa. It is believed that the change in thickness alters the film drying kinetics 

changing the resulting film morphology and elastic modulus. The variation in morphology is 

reflected in differences in absorbance character as shown in Figure 49. Note that vertical 

segregation characteristics can also be thickness dependent, and may influence the elastic 

modulus as a function of thickness.74 The modulus dependence on thickness is believed to be 

fundamentally different than the drop in modulus observed in some ultrathin films.51 

 

Figure 48 The elastic modulus of P3HT:PCBM films with variation in film thickness for 

films cast at 2,000 rpm. The variation in thickness is achieved using solutions with mass 
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loadings of 38 mg/ml, 45 mg/ml, and 50 mg/ml in dichlorobenzene solution and without post 

cast annealing 

 

 

Figure 49 Normalized absorbance of P3HT:PCBM 1:1 by mass thin films spun cast at 2,000 

rpm from solutions with mass loadings of 38 mg/ml, 45 mg/ml, and 50 mg/ml in 

dichlorobenzene solution and without post cast annealing. 

 

2.2.4 Conclusion 

 

The success of organic solar cells would benefit tremendously from ductile and compliant 

active layers. In this report, we have shown that in P3HT:PCBM based solar cells, the 

morphologies that result in high power conversion efficiency have deleterious effect on the 

mechanical properties: increasing the elastic modulus and lowering the crack onset strain. It 

was shown that the elastic modulus of the blend film is synergistic, with a value greater than 

expected using a classical Voigt composite model. The synergistic modulus is attributed to a 

combination of a negative volume of mixing with contributions from P3HT order in the 

blend. We also found that disordered P3HT:PCBM films are very ductile similar to neat 
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P3HT films and increasing blend film order results in increasingly brittle behavior. This 

drastic reduction in ductility is correlated to the increase in both the percent of aggregate 

P3HT and the local P3HT order. As P3HT order improves, there is a reduction in crystalline 

stacking faults and loose crystalline tie chains decreasing regions in the film that are likely 

the origin of plastic deformation. The processing methods that improve P3HT order in the 

blend film may also shift the glass transition temperature of the film to high temperatures 

reducing the film ductility. 

While these findings are for P3HT:PCBM films, they are also applicable to other 

polymer-fullerene systems. For polymer-fullerene BHJs, the morphology must be optimized 

such that there is intimate mixing of the constituent materials to overcome the limited exciton 

diffusion length. There also needs to be a level of microstructural order to achieve efficient 

charge extraction. Other polymer:fullerene systems will likely have a unique relationship 

between mechanical behavior and device performance; however, optimizing the morphology 

of other blend films in terms of device performance will likely have a strong influence on 

their elasticity and ductility. These results compliment previous work that considered the 

mechanical behavior of P3HT and poly(2,5-bis(3-dodecylthiophene-2-yl)thieno[3,2-

b]thiophenes) (pBTTT), which demonstrated that the interdigitated alkyl side chain packing 

character of pBTTT that improves long-range order also resulted in an increase in stiffness 

and decrease in ductility as compared to P3HT.50 Along with the reported mechanical 

stability, the variation in morphology may influence other device stability features including 

chemical99 and thermal stability.100,101 For example, previous work has shown that annealing 

polymer OLEDs can lead to a substantial increase in operational lifetime through improved 

thermal stability.101 All factors will be critical for long term operational stability of a flexible 
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organic solar cell. Continued development of conjugated polymers along with the 

development of device architectures will no doubt continue and detailed analysis of the 

mechanical behavior will be critical for the ultimate success of flexible organic solar cells. 

2.3 Experimental Section 

 

Materials: The P3HT was obtained from Plextronics Inc. with a number-averaged molecular 

mass Mn = 50 kD, a regioregularity of 99%, and a polydispersity of 2.1. The PCBM was 

obtained from Nano-C with a purity of 99%. The PEDOT:PSS solution was type PVP 

AI4083, obtained from Heraeus Materials Technology.  

Film preparation: The P3HT:PCBM bulk heterojunction films are spin cast on silicon, and 

ITO coated glass substrates pre-coated with a PEDOT:PSS film. The P3HT:PCBM with a 1:1 

mass ratio is dissolved in 1,2-dichlorobenzene (DCB) at different loadings including 26, 30, 

34, 38, 45 and 50 mg ml-1. The solutions are prepared in a nitrogen filled glovebox and are 

placed on a hotplate at 75°C for a minimum of 12 hours and then allowed to cool down to 

room temperature before casting. All substrates are cleaned by sonication for 10 minutes in 

deionized (DI) water, acetone and isopropynol, followed by UV-ozone treatment for 10 

minutes, and rinse with DI water. Prior to casting the BHJ film, PEDOT:PSS films are spun 

cast onto the substrates. The PEDOT:PSS films are cast at 5,000 rpm for 60 s and then 

annealed inside a glovebox at 120°C for 20 minutes. The P3HT:PCBM is then cast on the 

PEDOT:PSS at varying spin speeds ranging from 600 rpm to 2,000 rpm for 60 s to achieve 

the desired thickness. After casting the P3HT:PCBM films, they are either left ñas-castò or 

ñannealedò. The as-cast films are removed from the spin coater and left in the glove box 

uncovered for a minimum of 4 hours. After casting the films, the annealed films are 

immediately covered under a Petri dish for 20-minutes. The films cast at lower spin speeds 
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(600 and 1,000 rpm) remained partially wet at the edges when placed under the Petri dish 

resulting in a solvent anneal effect. All annealed films were then thermally annealed on a hot 

plate at 110°C for 20 minutes. The neat P3HT and PCBM films were spun coat at 1,000 rpm 

from 20 mg ml-1 and 30 mg ml-1 DCB solutions respectively. For solar cells, the blend films 

are cast on PEDOT:PSS coated ITO-glass substrates with a sheet resistance of 8-12 Ohms sq-

1. The cathode is deposited by vacuum thermal evaporation at a pressure of 1x10-6 torr. The 

cathode consists of ~1 nm lithium fluoride and ~100 nm aluminum film.  

Characterization: The thickness of the films is determined using a Woollam variable-angle 

spectroscopic ellipsometer (VASE). A 5 phase (ambient, BHJ, pedot, oxide, silicon) model is 

used. To allow for variations in the optical properties due to processing, the BHJ was 

modeled using an isotropic Cauchy fit over the optical range of 750-1100 nm with both 

thickness and Cauchy parameters fit as described earlier in Section 1.7. This fit was 

compared to a uniaxial  EMA model for the BHJ based on reference P3HT and PCBM 

functions using the spectrum between 400-1100 nm resulting in thickness estimates within 3 

nm of each other.75 Absorbance measurements are made using an Ocean Optics Jazz 

spectrometer. Absorbance was measured on P3HT:PCBM films cast on PEDOT:PSS, ITO-

glass substrates. The organic photovoltaic devices are tested using a Newport 150 W solar 

simulator with an AM1.5G filter under 100 mW cm-2 as determined by an NREL traceable 

un-filtered Si-diode. The OPV device area is 3.14 mm2, and the device performance is not 

corrected for spectral mismatch. The reported device performance is for the best performing 

cell for each casting condition. 

Buckling and crack onset strain measurements: All films are cast on PEDOT:PSS coated 

silicon substrates. The films are then laminated onto a pre-strained (~10%) PDMS slab and 



71 

 

submerged into DI water. The PEDOT:PSS dissolves in the water bath after several hours 

detaching the silicon substrate and leaving the thin film alone on the PDMS substrate. The 

thin film-PDMS stack is then thoroughly dried with nitrogen gas. The tensile strain is slightly 

removed from the PDMS placing the thin film in compression resulting in a linear buckling 

pattern. The elastic modulus is determined by taking the average buckling wavelength of the 

film in approximately six locations. The average wavelength is then used along with the film 

thickness as measured using spectroscopic ellipsometry to determine the elastic modulus for 

each film. The reported elastic modulus for similarly processed films is an average of at least 

three films, and the reported uncertainty is the standard deviation of the mean. The PDMS 

was approximately 2 mm thick, cast with a base to crosslinker ratio of 15:1, and cured at a 

temperature of 60°C for over 12 h. The elastic modulus of the PDMS substrate is determined 

using an Instron 5943 tensile tester. The PDMS modulus was determined for each PDMS 

slab used in the buckling measurements and varied between 0.66 MPa and 0.73 MPa. For the 

brittle films, the compressive strain used for buckling is held below levels that result in film 

cracking. The crack onset strain is determined by applying a tensile strain to the thin film-

PDMS composite and observing crack initiation using an optical microscope. The reported 

crack onset strain is an average measured value from a minimum of 4 films for each blend 

film processing condition, and 2 films for the neat P3HT and PCBM films. The error bars in 

the crack onset strain represent one standard deviation of the data, which is taken as the 

experimental uncertainty of the measurement. 
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3 Anisotropic elastic modulus of aligned poly(3-hexylthiophene-2,5-diyl) 

P3HT 

Introduction 

 

One of the advantages of polymer semiconductors is their mechanical flexibility 

allowing for novel device applications where conventional inorganic semiconductors are 

difficult to implement.42,102,103,104 Critical to the success of flexible (and stretchable) polymer 

semiconductor devices is a detailed understanding of the mechanical response of the 

constituent materials. Similar to optoelectronic performance in polymer semiconductors, 

mechanical behavior has been shown to depend significantly on molecular structure, 25,50,105,  

and film morphology.106,107,108,109 Determining the morphological features that dictate the 

mechanical properties of polymer semiconductors and relating them to optoelectronic 

behavior will aid the development of flexible and physically robust organic electronics. 

A method to gain insight into the mechanical properties of polymers is through 

processing oriented films with long-range in-plane polymer alignment.110,111,112,113,114 In 

oriented films, the anisotropic mechanical behavior can be related to the anisotropic 

structural features in the film providing insight into the origin of the mechanical response. 

Oriented polymers with anisotropic mechanical properties have traditionally been exploited 

for the development of mechanically stronger materials in structural applications.110 Studies 

have shown that the elastic modulus can increase significantly in the direction of chain 

alignment,111,112,115,116 resulting in polymers with very high stiffness to weight ratios under 

certain loading conditions.117 Similarly, oriented polymer semiconductors have been used to 

gain insight into electronic properties,118,119,96,120 and exploited for performance 

enhancement.121 For example, aligning polymer semiconductors in the plane of the film is a 
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common approach to maximize charge carrier mobility in thin film transistors, where charge 

transport is typically favored in the direction of backbone alignment.96,121 Oriented polymer 

semiconductors will also have anisotropic optoelectronic characteristics and have been used 

for polarized electroluminescence in organic light emitting devices,122 and polarization 

sensitive photovoltaic devices.123,124 It is expected that the aligned polymer semiconductors 

will also have anisotropic mechanical characteristics. Correlating the anisotropic mechanical 

and optoelectronic properties in oriented films will provide a deeper understanding of their 

relationships and opportunities for improved flexible device design.125 

In this study, we investigate the elastic modulus of oriented regioregular poly(3-

hexylthiophene)  (P3HT) films. P3HT is chosen as it is one of the most widely studied 

polymer semiconductor materials.126,127,128 The in-plane orientation of P3HT films can also 

be well controlled through the application of large physical strains.96,129 Here, the 

morphology of the films is varied through the amount of applied strain and post strain 

thermal annealing. The resulting film morphology is characterized with UV-visible optical 

spectroscopy and grazing incidence X-ray diffraction (GIXD). The elastic moduli of the 

films are measured using a buckling based metrology method. Finally, the relationship 

between elastic modulus and charge transport in the strain-aligned films is discussed.  

In the previous chapter we investigated the effect of different morphologies on the 

mechanical properties of BHJ films and how they relate to the power conversion efficiency. 

In this chapter we focus on the morphological origin of elasticity in polymer semiconductors, 

without the fullerene, by studying the anisotropic in-plane elastic modulus of strain-aligned 

(P3HT) films. The film morphology is varied through the amount of applied strain and post-

strain thermal annealing. Morphological characterization includes UV-visible optical 
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spectroscopy and X-ray diffraction. The elastic modulus is measured using a buckling based 

measurement technique. The elastic modulus of the film is found to decrease as the film is 

plastically strained. Thermally annealing the strained films results in a large in-plane elastic 

modulus anisotropy, where the modulus increases in the direction of backbone alignment and 

decreases in the transverse direction. The measured elastic modulus is compared to the film 

morphology showing a dependence on both in-plane polymer chain alignment and local 

aggregate order. Comparing the elastic modulus to field effect mobility shows that they are 

not necessarily correlated, which has important implication for flexible organic electronic 

device design.  

3.1 Results and Discussion 

3.1.1 Morphology Characterization 

 

The morphology of the strained films is first characterized by UV-visible optical 

spectroscopy under linear polarized incident light. As shown in Figure 50, as the film is 

strained the absorbance of polarized light parallel to the strain direction is found to increase 

relative to the absorbance of polarized light perpendicular to the strain direction. Given that 

the primary optical transition dipole of P3HT is along the backbone,130 this indicates that the 

polymer backbone aligns in the direction of applied strain.96 Thermally annealing the strained 

films further increases the in-plane alignment of the backbone, as shown in Figure 50-b. To 

quantify the level of in-plane alignment we use a 2-dimension orientation parameter defined 

as S
2

= R - 1( ) R+1( ) , where R is the dichroic ratio of the film. Here, the dichroic ratio is 

defined as R= A
para

A
perp

, where Apara is the maximum absorbance of polarized light parallel 

to the strain direction, and Aperp is the maximum absorbance of polarized light perpendicular 
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to the strain direction. Generally, S2 varies from 0 for films with no overall in-plane 

preferential alignment of polymer backbone to 1 for complete uniaxial alignment of the 

polymer backbone in the plane of the film. For the films under study, S2 varies from 0 for the 

unstrained films to 0.58 for a film strained by 100% and thermally annealed at 180 °C, as 

shown in Figure 51-d. 

 

Figure 50 UV-Vis absorbance under polarized light parallel (para) and perpendicular (perp) 

to the applied strain direction for films strained by 0 %, 50 % and 100 %, for (a) as-cast 

films, and (b) thermally annealed films. 

 

 In addition to the average in-plane orientation of the polymer chains in the film, the 

absorbance can provide additional details of the local morphology. In particular, the vibronic 

features in the absorbance observed at approximately 550 nm and 605 nm are indicative of 
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aggregate P3HT conjugation length and packing order.82,131 In order to quantify the 

differences in aggregate order for films with various processing conditions, we fit the 

absorbance to a weakly coupled H-aggregate model,82,132,84 with fits given in Figure 51 and 

Figure 52. This model has been previously described in detail,131,132,84 and here we focus on 

the model fits to the data.  
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Figure 51 Normalized absorbance measurements for as-cast P3HT films measured using 

linear polarized light parallel and perpendicular to the strain direction. Experimental UV-Vis 

absorbance data (blue line), Model fit using a weakly coupled H-aggregate model (red line). 
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Figure 52 Normalized absorbance measurements for thermally annealed P3HT films 

measured using linear polarized light parallel and perpendicular to the strain direction. 

Experimental UV-Vis absorbance data (blue line), Model fit using a weakly coupled H-

aggregate model (red line). 
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The fitting parameters of the model include the exciton bandwidth (W), and the 

Gaussian line width (ů). W can be related to the conjugation length of the aggregate P3HT 

chains, where a lower W indicates a higher conjugation length.133 ů is related to the energetic 

disorder, where a lower ů indicates greater aggregate order both intra- and inter-

molecularly.82 The percent aggregate P3HT in the film is also estimated using the weakly 

coupled H-aggregate model, following a previously described method.84 W, ů, and percent 

aggregate for the strained as-cast and thermally annealed films are given in Figure 52(a-c). 

For the polymer aggregates that absorb polarized light parallel to the strain direction, W 

remains relatively constant with strain for the as-cast films and decreases in the annealed 

films. This indicates that the aggregates that align in the direction of strain maintain a 

conjugation length similar to the as-cast films, and then increase in conjugation length with 

thermal annealing. For perpendicular polarized light, W increases with applied strain for both 

as cast and annealed films, indicating a decrease in average aggregate conjugation length. We 

find that ů increases with applied strain for polarized light both parallel and perpendicular to 

the strain direction in the as-cast films. In the annealed films ů is lower than the as-cast films 

and remains relatively constant with strain. Morphologically, this indicates that straining an 

as-cast P3HT film will cause a decrease in local aggregate order. Annealing the film 

improves the local order of aggregates to levels similar to the unstrained film. The percent 

aggregate for the fraction of the film that absorbs polarized light parallel to the direction of 

strain increases with applied strain. The percent aggregate decreases with strain for the 

fraction of the film that absorbs perpendicular polarized light. To determine the overall 

change in percent aggregation of the films, one needs to consider the relative amount of 

absorbed light for each polarization orientation. This can be estimated by summing the 
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absorbance measured in the two orthogonal directions, Atot = Apara + Aperp and taking the total 

percent aggregate of the film as Aggpara(Apara/Atot) + Aggperp(Aperp/Atot), where Aggpara and 

Aggperp are the estimated percent aggregates measured with polarized light parallel and 

perpendicular to the strain direction, respectively. Using this approach, we find that there is a 

slight increase in total percent aggregate as the film is strained for both as-cast and annealed 

films, as shown in Figure 52(c).  

 

 

Figure 53 Weakly coupled H-aggregate model fitting parameters of the strain-aligned P3HT 

fi lms including, (a) free-exciton bandwidth (W) and (b) Gaussian line width (ů), for as-cast 

(AC) and thermally annealed (AN) films. (c) Estimated percent P3HT aggregate for the 

entire film. (d) The two-dimensional order parameters for the strained films as measured by 

UV-visible spectroscopy. 
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The P3HT crystal stacking characteristics are measured with grazing incidence X-ray 

diffraction (GIXD). Two-dimensional (2D) image plate data for the 0 % and 100 % strained 

films for both as-cast and annealed conditions are given in Figure 53. While the in-plane 

orientation distribution cannot be quantitatively determined with the image plate data, it is 

consistent with previous results where both 2D image plate data and high resolution in-plane 

ű-scans of the (100) scattering peak were measured.96 To quantify the out of plane 

orientation distribution, pole figures that consider the (100) scattering peak with out-of-plane 

angle (ɤ) are constructed from the GIXD image plate data for the unstrained and 100 % 

strained films,134 given in Figure 54. Previous ű-scans show that in films strained by 50 % or 

more, the vast majority of P3HT crystallites are within 30 degrees of the strain alignment 

direction. Thus, in the strained films we focus on the out-of-plane orientation of the polymer 

chains aligned in the direction of strain (scattering vector nominally perpendicular to the 

strain direction). The pole-figures show that the unstrained films have a preferential edge-on 

stacking behavior with a very similar orientation distribution for as-cast and thermally 

annealed processing conditions. In the strained films, a broad orientation distribution is found 

in the oriented P3HT crystals without a significant out-of-plane stacking preference for either 

the as-cast or thermally annealed films. Note that in the strained films, the pole figure only 

considers P3HT crystals with the polymer backbone aligned very closely to the direction of 

strain. However the other oriented polymer crystals are expected to have a similar out-of-

plane orientation distribution. It is also important to note that the P3HT aggregates are not the 

same as crystals. While the aggregates are associated with increased local intermolecular 

ordering, they do not necessarily have a diffraction signature that can be measured with 
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GIXD.135 Here, we assume a similar out of plane orientation distribution exists for the P3HT 

aggregates and crystals.  

 

Figure 54 Two-dimensional GIXD image plate data for the P3HT films under different 

processing conditions including (a) unstrained as-cast, (b) unstrained thermally annealed, (c, 

d) 100% strained as-cast with X-ray beam parallel (0°) and perpendicular (90°) to the strain 

direction, and (e,f) 100 % strained thermally annealed film with X-ray beam parallel and 

perpendicular to the strain direction. 
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Figure 55 (a) Pole figure of the (100) scattering peak for the unstrained films (0 %) and 100 

% strained films, that are as-cast (AC) and thermally annealed (AN). 

 

3.1.2 Elastic modulus characterization 

 

The elastic modulus of the films is measured using the same buckling based 

metrology method explained in Chapter 2.47 The elastic modulus of the film is then given 

by,47 
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where Ef is the elastic modulus of the thin film, Es is the elastic modulus of the substrate, ɜf 

and ɜs are the Poisson ratios for the thin film and substrate respectively,  is the average 

buckling wavelength and h is the thickness of the film. The elastic modulus anisotropy in the 

oriented films is measured by compressing the film in different directions relative to the 

strain axi in a process similar to what was described previously in Section 3.1. The measured 

elastic modulus along the strain direction (E0) and in the transverse direction (E90) is given in 

Figure 55 with various applied strains and annealing conditions. For the 0 % strained P3HT 

films, the in-plane elastic modulus does not show a measurable anisotropy, as expected. 
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Annealing the unstrained film does not significant change the measured modulus, which is 

consistent with the similar absorbance and diffraction behavior. As the film is strained, both 

E0 and E90 are found to decrease with increasing applied strain. For the 100% strained films 

(S2 = 0.58), E0 and E90 begin to diverge with the modulus along the direction of strain 

beginning to increase. This behavior is observed in some tensile drawn (i.e. large physically 

strained) polymers, including polyethylene, where the modulus along the alignment direction 

has been shown to decrease with strain until reaching a minimum and subsequently 

increasing with further chain alignment.113,114 For low-density polyethylene this minimum 

occurs at draw ratios of approximately 1.5.114 In the thermally annealed P3HT films, E0 is 

found to increase with strain as compared to the unstrained films, while E90 behaves similar 

to the strained as-cast counterpart. This results in an increasing in-pane elastic modulus 

anisotropy with greater in-plane polymer alignment. 

 

Figure 56 Elastic modulus of as-cast (AC) and thermally annealed (AN) P3HT films, parallel 

(para) and perpendicular (perp) to orientation direction, as a function of orientation factor 

(S2) obtained from UV-Vis absorbance measurements. 
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The elastic modulus of oriented P3HT films as a function of compression axis angle 

(ɗ) is accomplished by printing the strain-aligned P3HT film onto a circular PDMS chuck. 

The chuck is then compressed at different angles with respect to the polymer orientation 

direction as seen in Figure 57.  

 

Figure 57 Schematic of the buckling method employed in this study to measure the in-plane 

anisotropy of the elastic modulus. Bottom right, microscope images of the buckled films for 

the 100 % strained and thermally annealed film, loaded parallel (ɗ = 0Á, E0) and 

perpendicular (ɗ = 90Á, E90) to the strain direction. 

 

The angular dependence of the elastic modulus for the 100% strained, thermally 

annealed film is given in Figure 58. In oriented polymer films, the elastic modulus at angles 

away from the primary chain alignment axis may be found anywhere from greater than to 

less than the primary loading directions (i.e. E0 and E90),
114,136 and thus is an important 

feature to characterize. Here we find the angular dependence of the modulus varies 
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continuously between the high modulus of E0 and low modulus at E90. For an oriented film 

that is transversely isotropic, the angular dependence of the elastic modulus (Eɗ) is given 

by,137,138 
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where G12 E is the Poisson ratio of the polymer for a tensile load 

applied to the strain direction (i.e. extension direction). The angular dependence of the elastic 

modulus given by equation 2 is fit to the experimental data in Figure 58, assuming ɜ12 = 0.3 

and using G12 as a fitting parameter, which is found to be 0.33 GPa. While the oriented P3HT 

film may not be strictly transversely isotropic due to potential stiffness differences along the 

-́stacking and alkyl stacking directions, the large out of plane orientation distribution of the 

polymer chains suggests that this is a reasonable approximation.  

 

Figure 58 Elastic modulus of 100% strained and thermally annealed P3HT film as a function 

of compression angle (ɗ) with respect to the strain direction. The model fit is made using 

equation 2. Inset, the finite element model (FEM) predictions of the buckling wavelength for 

the film for loading parallel (ɗ = 0°) and perpendicular (ɗ = 90°) to the strain direction. 
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 The applicability of equation 1 to quantify the in-plane elastic modulus for a 

transversely isotropic film is verified by comparing the results with finite element analysis 

(FEA) modeling. Details of the FEA model are given in Section 4.5. For the unstrained films, 

using the experimentally determined elastic modulus of P3HT and PDMS, the predicted 

buckling wavelength was 4 ɛm, the same as the average experimentally obtained value. For 

the 50 % and the 100 % strained film, experimentally determined transversely isotropic 

material properties for P3HT were used in the FEA model. The FEA model accurately 

predicts the measured wavelength anisotropy, with the modeled buckling pattern of the 100 

% strained films shown in Figure 58. The differences between model and experimentally 

determined wavelength were within 3 % for both the 50 % and 100 % stained films in both 

primary loading directions. These results support that equation 1 accurately predicts the 

elastic modulus for the appropriate loading direction. However, it is important that the 

equations is used and understood within the context of loading direction and material 

anisotropy.  

3.1.3 Correlating Structure and Properties 

 

In the strain-aligned films, a clear change in film stiffness is observed. This change in 

stiffness is accompanied by a number of morphological changes. Perhaps the most drastic 

change in the morphology of the films is the alignment of the polymer backbone in the plane 

of the film. Yet, it appears that this is not a major driving force for increasing film stiffness if 

a certain level of alignment is not achieved and the oriented P3HT aggregates are not well 

ordered. In fact, while the polymer chains are aligning in the strained as-cast films, we see a 

decrease in the elastic modulus. To gain insight into the morphological features driving the 

elastic modulus, we compare the elastic modulus with the measured ů, W, and percent 
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aggregate along the appropriate in-plane measurement direction. A significant correlation is 

only found between W and E, as shown in Figure 59, with a correlation coefficient to a linear 

fit of -0.87. No clear correlation is apparent with ů or percent aggregate, given in Figures 60 

and 61. This suggests that the conjugation length plays a significant role in the elastic 

modulus of the film. The data points that deviate low in this correlation are the strained as-

cast films for the elastic modulus parallel to the strain direction, which are films that have the 

most disordered aggregates (highest ů). Thus, local aggregate order also likely plays a role in 

the film stiffness but is secondary to aggregate length. In the strained thermally annealed 

films, an increase in elastic modulus anisotropy is found with increased chain alignment, 

showing that the chain alignment also has a clear impact on film stiffness.  

 

Figure 59 Elastic modulus of aligned as-cast (AC) and thermally annealed (AN) P3HT films 

as a function of exciton bandwidth (W) measured with polarized light parallel (᷆) and 

perpendicular (Ṷ) to the strain direction. 
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Figure 60 Elastic modulus of aligned as-cast (AC) and thermally annealed (AN) P3HT films 

as a function of Sigma (ů) measured with polarized light parallel ()᷆ and perpendicular (Ṷ) to 

the strain direction. 

 

 
Figure 61 Elastic modulus of aligned as-cast (AC) and thermally annealed (AN) P3HT films 

as a function of percent aggregate measured with polarized light parallel ()᷆ and 

perpendicular (Ṷ) to the strain direction. 
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The impact of the out-of-plane orientation of the P3HT crystals on the elastic 

modulus cannot be resolved in the measured films. It is expected that the -́stacking and 

alkyl-stacking directions will have different moduli. However, the polymer backbone 

direction appears to have a larger elastic modulus than the transverse directions and this 

dominates the mechanical response in the films. In the strain-aligned films, the out-of-plane 

stacking orientation distributions are very similar and thus any possible difference in out-of-

plane stacking on elastic modulus cannot be resolved. Further work is required to quantify 

differences in out-of-plane packing character.  

It is interesting to compare these results to previously reported field effect mobility in 

strained aligned P3HT films.96,120 In previous studies, the field effect mobility was found to 

increase in the direction of applied strain for as-cast films. However, when thermally 

annealing the film, a pronounced decrease in field effect mobility was found.120 The increase 

in saturated field effect mobility for 100 % strained films can roughly double, while 

annealing the aligned films can drop the mobility by an order of magnitude.120 The drop in 

mobility was attributed to the formation of well-defined P3HT grains with a fibril structure 

that reduces intermolecular coupling between grains. Comparing the mobility to the 

measured elastic modulus, the more compliant material has favorable transport 

characteristics in the direction of backbone alignment. This suggests that the films may be 

engineered for both high mobility and compliance, and these properties may not necessary be 

negatively correlated.50 Furthermore, the development of an anisotropic modulus may be 

exploited in the development of flexible electronic devices that require in-plane charge 

transport, such as field effect transistors. Here, devices may be designed such that the stiffer 

and higher charge mobility axis is transverse to the primary flexing direction. Thus, the more 
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compliant direction in the film will experience the larger strain under flexure reducing local 

stress in the device. 

3.2 Conclusion 

 

In this study we consider the elastic modulus of strain aligned P3HT films. As the 

films are strained we found that the elastic modulus of the films decrease and little elastic 

modulus anisotropy observed until high levels of strain are applied ( 100 % strain). Once 

the strained films were annealed a large modulus anisotropy is found. This anisotropy is 

primarily due to the increase in elastic modulus in the direction of backbone alignment. 

Considering the morphological changes in the film, not only is the alignment of the backbone 

in the direction of strain a contributing factor but also the P3HT aggregate character, and 

more specifically the length and local order of the aggregates. This is consistent with 

previous work showing increased stiffness in thermally annealed blend films of P3HT and 

Phenyl-C61-butric acid methyl ester (PCBM).106 When comparing to charge mobility,96,120 

the field effect mobility increases in the direction of alignment in as-cast films and decreases 

when thermally annealing. This suggests that aligned films may have opportunities to 

improve charge mobility while not necessarily increasing film stiffness. The anisotropic 

mechanical and electrical properties also provide significant opportunities to design flexible 

devices with reduced internal stress concentrations.   

3.3 Experimental Section 

3.3.1 Film preparation  

 

The P3HT was obtained from Sigma Aldrich and had a molecular weight of 53 

kg/mol and a polydispersity of 1.2. P3HT films were cast from a 20 mg/ml solution in 1,2-
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dichlorobenzene prepared in a nitrogen filled glovebox. The solution was spun cast at room 

temperature on octyltrichlorosilane (OTS) treated silicon substrates at 1000 rpm for 60 

seconds. All substrates used in this study were cleaned using the standard cleaning procedure 

described in Section 3.3. OTS surface modification was made using a previously described 

process.129 In order to align the P3HT film in a controlled fashion, we transferred the film 

from the OTS-Si substrate to a slightly pre-strained slab of PDMS (20:1 elastomer to 

crosslinker ratio) attached to a strain stage.  The PDMS is then strained and held at a 

specified strain. The aligned P3HT film is then laminated back to an OTS-treated glass or 

silicon substrate for further characterization. The final films are measured either without 

further treatment (as-cast) or thermally annealed at 180°C for 10 minutes (annealed films). 

3.3.2 Morphology Characterization 

 

UV-Vis absorbance measurements were performed using a Jazz Spectrometer from 

Ocean Optics. Absorbance measurements of a glass substrate were used as reference. The 

absorbance measurements were made with linear polarized light, either parallel or 

perpendicular to the strain direction. GIXD measurements were performed at the Stanford 

Synchrotron Radiation Lightsource (SSRL) on beam lines 11ï3. The 2D GIXD images were 

measured with an area detector (MAR345 image plate), with 12.735 keV X-ray beam, and an 

incidence angle of å0.12Á. The samples were aligned with their in-plane orientation either 

perpendicular or parallel to the incident beam. The sample chamber was purged with helium 

during the scattering experiments to reduce beam damage and background scattering. The tilt 

of the sample was adjusted to maintain the sample normal collinear with the rotation axis of 

the chuck.  
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3.3.2.1 Elastic Modulus 

 

To measure the elastic modulus, the films now on secondary OTS-treated Si 

substrates are transferred back to a PDMS substrate. The film composite is placed under 

small compressive strain until buckling instability is observed under an optical microscope. 

The thickness of the P3HT films was measured using a variable angle spectroscopic 

ellipsometer (VASE) and was measured to be 125 nm for a 0 % strained P3HT film, 102 nm 

for a 50% strained films, and 88 nm for a 100% strained film. The thickness of the 0% 

strained film is based on thickness measurements of 10 films. The thicknesses of the strained 

films were obtained using the equation ( )
1

2 1 / 1t t
n-

= + , where t2 is the final thickness, t1 is 

the initial thickness,  is the strain percentage and ɜ is Poissonôs ratio taken as 0.5. This 

estimate was verified for accuracy with controlled stained films measured with VASE. 

Measuring the elastic modulus of aligned P3HT with varying compression offset angle (ɗ) 

was performed by buckling the film on a circular PDMS slab, illustrated in Figure 57. The 

elastic modulus of the PDMS is measured using an Instron 5943 tensile tester and found to be 

0.68 MPa.   

3.3.2.2 Absorbance 

 

The best fits of the weakly interacting H-aggregate model to the experimentally 

measured absorbane are given in Figure 51 and Figure 52. Prior to fitting the data, the 

minimum absorbance was scale to zero. The total percent aggregate in the film is estimated 

by summing the absorbance measured in the two orthogonal directions, Atot = Apara + Aperp and 

taking the total percent aggregate of the film as Aggpara(Apara/Atot) + Aggperp(Aperp/Atot), where 

Aggpara and Aggperp are the estimated percent aggregates measured with polarized light 
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parallel and perpendicular to the strain direction respectively. Given that A = Ůcl, where Ů is 

the molecular attenuation coefficient, c is the amount concentration, and l is the path length. 

Note that Ů will vary between aggregate and amorphous P3HT but will be taken here as a 

constant. The path length l will also be constant with polarized light. Thus the amount 

concentration, or the absorbing molecular species, will be the primary reason for the 

variation in absorbance. The fraction of Apara/Atot and Aperp/Atot is thus the relative 

concentration of the absorbing P3HT for each polarization orientation. 

3.4 Finite Element Analysis Modeling 

 

Finite-element analysis (FEA) was used to further understand the underlying 

anisotropic material mechanisms affecting the systemôs stiffness and the wavelengths of the 

aligned P3HT thin films due to buckling. In the FEA model, the length was chosen as 24 ɛm 

and the thickness of compliant PDMS substrate was 3 ɛm. These substrate dimensions are 

different from the experimental dimensions, but the length to thickness ratio is the same as 

the experimental specimens. These dimensions were chosen for computational tractability 

and based on the simulation of different thickness ratios. It does not affect the accuracy of the 

wavelength predictions. The thicknesses of the thin films were taken as 125 nm, 102 nm, and 

88 nm, which correspond to the experimental thicknesses measured for 0 %, 50 % and 100 % 

tensile strains. Compressive displacement loadings were applied to the FEA model, and 

based on that the in-plane dimensions of the specimen, plane stress loading conditions were 

assumed.  

For the film at 0 % tensile strain, isotropic material properties were used in the FEA 

model to predict the wavelength. By applying the elastic modulus obtained from equation 1, 

the predicted wavelength was 4 ɛm, which was the same as the averaged experimentally 
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obtained wavelength. This is an indication that the FEA model provides an accurate 

prediction of the wrinkling behavior of polymer thin films. For the 50% and the 100% 

strained film, transversely isotropic material properties were used. The normal and transverse 

moduli were given by the experimental elastic modulus for the experiments pertaining to the 

parallel and perpendicular loading directions. For the transversely isotropic film at 50% 

strain, the predicted wavelength in the parallel loading direction was 3.43 ɛm, and the 

predicted wavelength in the perpendicular loading direction was 3.21 ɛm. These predicted 

wavelengths are very close to the averaged experimental values of 3.34 ɛm in the parallel 

loading direction and 3.1 ɛm in the perpendicular loading direction. The differences of 

wavelengths were approximately 2.5% for parallel loading direction and 3% for the 

perpendicular loading direction. For the transversely isotropic film at 100 % strain, the 

predicted wavelength in the parallel loading direction was 3.0 ɛm, and the predicted 

wavelength for the perpendicular loading direction was 2.53 ɛm. The differences between the 

predicted and experimental values were less than 2 %.  
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4 Organic photovoltaics cells with controlled polarization sensitivity 
 

In this chapter we demonstrate linearly polarized organic photovoltaic (OPV) cells with 

a well-controlled level of polarization sensitivity. The polarized devices were created through 

the application of a large uniaxial strain to the bulk heterojunction P3HT:PCBM film and 

printing the plastically deformed active layer onto a PEDOT:PSS and indium tin oxide 

coated glass substrate. The P3HT:PCBM layer is processed such that it is able to 

accommodate high strains (over 100%) without fracture. After printing the strained films, 

thermal annealing is used to optimize solar cell performance while maintaining polarization 

sensitivity. A dichroic ratio and short circuit current ratio of å6.1 and å1.6 were achieved, 

respectively.  

4.1 Introduction  

 

Organic photovoltaics (OPVs) have attracted significant research interest due to 

several advantageous characteristics, including low-cost processing onto flexible substrates, 

tunable properties through material synthesis, and their use of earth abundant materials.5 A 

unique characteristic of polymer semiconductors is that they commonly have an optical 

transition dipole moment (́   *́) that is aligned along the polymer backbone.130,139 Thus, 

aligning the polymer backbone uniaxially in the plane of the film results in anisotropic 

optoelectronic properties.96,140,123 Aligning polymer semiconductors has been exploited to 

study charge transport in organic field effect transistors (OFETs)96,141 and for polarized 

electroluminescence in organic light emitting diodes.122 Alignment also provides an 

opportunity to develop polarization sensitive organic photovoltaic (OPV) devices.123,142 
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Polarization sensitive photovoltaic cells may be beneficial for a number of applications 

including polarized light detectors (e.g. remote detection)143, and power generation (e.g. 

polarized light harvesting in LCD displays)123. In addition, alignment of the polymer chains 

in an OPV cell may provide insight into energy conversion processes.144,145 

 There have been a number of techniques used to uniaxially align conjugated polymer 

films that have focused on alignment of homogenous polymer systems.96,141,146,118,147 In 

polymer:fullerene blends, such P3HT:PCBM, alignment of the P3HT component has recently 

been demonstrated by (1) mechanically rubbing the film at an elevated temperature (150 

°C)123; and (2) through directed crystallization.148 While the directed crystallization approach 

was successful, it required processing with a crystallizing solvent 1,3,5-trichlorobenzene 

(TCB) and OPV devices using this approach have yet to be produced.148 Furthermore, while 

the mechanical rubbing approach effectively aligns P3HT in P3HT:PCBM blend films, the 

physically interrogating rubbing process at an elevated temperature may be detrimental to the 

filmôs quality. Additionally, the ability to control the degree of alignment with this approach 

is unclear. In this study, we demonstrate a facile approach to align P3HT:PCBM blend films 

and show high performance tuned polarization sensitive bulk heterojunction (BHJ) OPV 

cells. In a similar process previously demonstrated for neat P3HT films,96 the described 

process aligns the P3HT backbone by uniaxially straining the P3HT:PCBM film while on a 

polydimethylsiloxane (PDMS) elastomer substrate then transferred onto the appropriate 

receiving substrate as seen in Figure 62. 
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Figure 62 Schematic showing the steps of creating an aligned BHJ film 

 

As described below, the polarized OPV device response is dominated by the variation in 

short circuit current and directly related to polarized light absorption anisotropy. The 

absorption anisotropy of a strained BHJ film can be seen by observing the transmittance of 

the strained film under polarized light as seen in Figure 63. When light is polarized parallel 

to the strain direction more of the light is absorbed and the logo looks darker, whereas when 

light is polarized perpendicular much of the light is transmitted through by the strained film 

and the logo looks brighter. 

 

Figure 63 Backlit strained BHJ films under polarized light parallel and perpendicular to 

strain direction 
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4.2 Experimental Section 

 

 Processing the polarized OPV cells began with spin casting PEDOT:PSS films at 

5,000 rpm onto a donor glass substrate followed by thermal annealing at 120 °C for 20 min. 

A P3HT:PCBM solution, with a 60:40 mass ratio in 1,2-dichlorobenzene at a concentration 

of 36 mg/ml, was then spun cast at 1,000 rpm for 60 s, resulting in a å220 nm thick film as 

determined by variable angle spectroscopic ellipsometry.130 The P3HT was obtained from 

Plextronics Inc. (Mn = 50 kD) and the PCBM was obtained from Nano-C. The P3HT:PCBM 

film on the PEDOT:PSS coated glass substrate was then laminated onto a PDMS slab that is 

attached to a custom built strain stage.47 The composite stack is immersed in a deionized (DI) 

water bath where the PEDOT:PSS layer dissolves and the donor substrate detaches from the 

film.106 The P3HT:PCBM film, which is now adhered to the PDMS slab, was removed from 

the DI water and dried with N2 gas. The composite was then strained and printed onto a 

receiving substrate that consists of spun cast PEDOT:PSS film on an indium tin oxide (ITO) 

coated glass substrate. The PDMS was then removed, leaving the plastically deformed 

P3HT:PCBM film on the receiving substrate.96 In order for the strain alignment method to be 

successful, the P3HT:PCBM film must be highly deformable, which has previously been 

shown to depend on the local order of the P3HT in the blend film.106 The designated solution 

formulation and casting conditions, described above, resulted in a relatively low level of 

local order, more details on this are found in Chapter 3. This resulted in the ability to strain 

the films, by over 100%, without fracturing or tearing.106 After the strain and print process, 

the local order of the P3HT:PCBM is improved and OPV device performance is optimized 

by thermally annealing the films at 130 °C for 10 min, followed by slowly cooling the films 
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to room temperature. To complete the OPV cell, the cathode, consisting of 1 nm of LiF and 

100 nm Al, was deposited by vacuum thermal evaporation at a pressure of 1x10-6 mbar. 

4.3 Results and Discussion 

 

The in-plane orientation of the P3HT in the strain-aligned films was characterized 

using ultraviolet-visible (UV-vis) optical absorption spectroscopy under polarized 

illumination. The absorbance of films, measured with linearly polarized light both parallel 

and perpendicular to the strain direction, is provided in Figure 64-a for films strained from 

0% to 100% in 25% increments. These data demonstrate that, as the film is strained, there is 

an increase in the absorbance anisotropy that is indicative of in-plane P3HT alignment. 

Similar to strain-aligned neat P3HT films,96 the long axis of the polymer aligns in the 

direction of the applied strain. As observed in Figure 64-a, the polarized absorbance 

increases with strain and eventually plateaus after 50% strain. Meanwhile, the absorbance in 

the perpendicular direction continuously decreases with increasing strain. The plateau in the 

parallel direction occurs due to the competition between the increase in chain alignment and 

the decrease in film thickness resulting from the plastic deformation process. The dichroic 

ratio (R) of the P3HT:PCBM film (defined here as absorbance of light at a wavelength of 550 

nm polarized parallel to the strain direction to light polarized perpendicular to the strain 

direction) with strain is given in Figure 64-b showing a non-linear relationship, and a 

dichroic ratio of 6.1 achieved for a 100% strained film. The dichroic ratio with strain at a 

wavelength of 605 nm is also provided in Table 4.    
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Figure 64 (a) Absorbance spectra for strain-aligned P3HT:PCBM blend films with incident 

light polarized parallel (para) and perpendicular (perp) to the strain direction. The absorbance 

was measured for P3HT:PCBM films cast on glass coated with PEDOT:PSS and ITO, and 

corrected by subtracting the absorbance of a PEDOT:PSS and ITO coated glass substrate 

reference. (b) The dichroic ratio and short circuit current (JSC) anisotropy as a function of 

applied strain. The line fits to the data are provided as a guide to the eye. 

 

In addition to the average in-plane orientation of P3HT, the absorbance features 

provide information on the polymer aggregate character.82,84 Figure 65 shows the normalized 

absorbance for the series of strain-aligned P3HT:PCBM films under polarized light. We 
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observed through the appearance of the vibronic features in the absorbance spectrum and the 

relative magnitude of the of the 0-0 transition (near å550 nm) and the 0-1 transition (near 

å605 nm).84 We see that in the strained films, after thermal annealing, the absorbance ratio of 

the 0-0 / 0-1 transition is significantly smaller for polarized light parallel to the strain 

direction than polarized light perpendicular to the strain direction. This indicates that the 

P3HT with backbone primarily aligned in the direction of strain consists of aggregates with 

greater local order, similar to alignment observed in neat P3HT films.96,120 

 

Figure 65 Normalized absorbance for the strain-aligned P3HT:PCBM films with light 

polarized (para) and perpendicular (perp) to the strain direction. 

 

The aligned P3HT:PCBM films were processed into OPV cells, as described above, 

to determine how the anisotropic morphology translates to optoelectronic performance. The 

active area of the cell, defined by the cathode, was 3.14 mm2 and the devices were tested 

using a Newport 150 W solar simulator with an AM1.5G filter under linear polarized light at 

an intensity of 41 mWcm-2. The current density (J) ï voltage (V) characteristics for the 
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strain-aligned BHJ OPV cells are provided in Figure 66.It is observed that the 0% strained 

device shows nominally identical performance with polarized illumination in two orthogonal 

directions. As the applied strain is increased the polarization sensitivity of the film is 

increased and the difference in performance under polarized light in the parallel and 

perpendicular directions diverge. It is important to note that the efficiency of the 0% strained 

devices is comparable to solar cells processed in house without the transfer printing process. 

This suggests that the print process does not significantly degrade device performance, which 

is in agreement to previous reports that use similar processing methods.149 To further 

compare differences in performance, the open circuit voltage (VOC), fill factor (FF), short 

circuit current (JSC), and power conversion efficiency (ɖ) of the strain-aligned devices is 

provided in Figure 67. These results demonstrate that the open circuit voltage and FF are not 

significantly affected by the alignment of the polymer chains in the active layer. Rather, we 

find that the variation in device performance is primarily driven by the change in short circuit 

current (JSC). This is expected given that the diverging absorption will result in a similar 

variation in the exciton generation rate that in turn dictates JSC. We also find the JSC ratio is 

proportional to strain with similar behavior as the dichroic ratio, as shown in Figure 64-b, 

with the highest JSC ratio of 1.6 achieved for the OPV cell with a 100% strained 

P3HT:PCBM film.  
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Figure 66 The current density ï voltage relationship for strain-aligned OPV cells under 

polarized light parallel (para) and perpendicular (perp) to the strain direction with an 

intensity of 41 mW cm-2.  

 

Figure 67 The short circuit current (JSC), open circuit voltage (VOC), fill factor (FF), and 

power conversion efficiency (ɖ) measured from the current ï voltage curves given as a 

function of strain. The data is provided for performance under polarized light parallel (para) 

and perpendicular (perp) to the strain direction under 41 mW cm-2 intensity. 
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The external quantum efficiency of the OPV cells, measured under polarized light, is 

provided in Figure 68. It is observed that the variation in EQE tracks well with the 

absorbance characteristics of the P3HT in the film, where parallel polarized light has greater 

conversion efficiency at extended wavelengths due to the absorption of the aligned P3HT 

aggregates. The JSC, predicted from integrating the product of the EQE and AM1.5G photon 

flux, was within ±10% of the measured JSC with the solar simulator. The discrepancy 

between the actual and predicted JSC is most likely due to not accounting for spectral 

mismatch of the solar simulator,150 device-to-device variation, and device testing in 

atmosphere without encapsulation resulting in minor degradation during testing.151 Notable is 

that the EQE and JSC for light linearly polarized parallel to the strain direction, does not 

change substantially for strains up to 50%. This is contrary to the absorbance, where the total 

absorbance for light polarized parallel to the strain direction, initially increases with 

increasing strain and then plateaus. The difference is due to the fact that the OPV cells have a 

reflective back electrode such that the light absorption is relatively complete for light 

polarized parallel to the strain direction for the levels of alignment and film thickness under 

consideration. At higher strains the absorption of polarized light parallel to the strain 

direction likely begins to decrease resulting in the drop in EQE and JSC. Given that that the 

total light absorption is relatively complete for light polarized parallel to the direction of 

strain and the related power conversion efficiency is maintained suggests that this processing 

approach aligns the polymer chains while maintaining film quality. For the device 

performance with light perpendicular to the strain direction, the total absorption in the OPV 

cell will decrease continuously with strain and is believed to be the primary cause of 

performance variation. 
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Figure 68 External Quantum Efficiency (EQE) for the strain-aligned OPV cells under 

polarized light shown for all strains. The legend provides the level of strain applied to the 

P3HT:PCBM layer with light polarized parallel (para) and perpendicular (perp) to the strain 

direction.  

 

Table 4 Optical and electrical characteristics of strain aligned OPV cells with various applied 

strains tested under polarized light parallel ( || ) and perpendicular (̂ ) to strain direction. 

Data includes the Dichroic ratio (R), solar cell efficiency (ɖ) and short circuit current (JSC). 
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4.4 Conclusion 

 

In conclusion, polarized OPV cells have unique device capabilities that may be 

advantages in many optical detection and energy harvesting applications. This study presents 

a strain alignment method to fabricate polarization sensitive OPV cells. The ductility of the 

P3HT:PCBM cell is achieved by solution formulation and casting conditions that limit the 

P3HT local order in the as-cast films. The relatively high solar cell performance is achieved 

by thermally annealing the strained-aligned BHJ layer after printing onto the partially 

fabricated OPV device. The anisotropic performance in the aligned devices is primarily 

driven by the anisotropic absorption in the films. Additional details of the energy conversion 

variation in strain-aligned OPV cells will be conducted in a future study. Critically, this 

processing approach is able to create linearly polarized bulk-heterojunction organic 

photovoltaic devices with fine control over of the level of optical anisotropy while 

maintaining high performance P3HT:PCBM solar cells.  
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5 In-plane Alignment in Organic Solar Cells to Probe the Morphological 

Dependence of Charge Recombination 
 

In the previous chapter we discussed the fabrication of organic solar cells with a well-

controlled level of polarization using uniaxial strain. In this chapter we use the same process 

discussed from Chapter 5 and fabricated strained-aligned BHJ solar cells to probe charge 

recombination losses associated with aggregates characterized by varying degrees of local 

order. We apply 100% uniaxial strain on ductile P3HT:PCBM BHJ films and characterize the 

resulting morphology with UV-visible absorption spectroscopy and grazing incidence X-ray 

diffraction. It is found that the strained films result in strong alignment of the highly ordered 

polymer aggregates. Polymer aggregates with lower order and amorphous regions also align 

but with a much broader orientation distribution. The solar cells are then tested under linearly 

polarized light where the light is selectively absorbed by the appropriately oriented polymer, 

while maintaining a common local environment for the sweep out of photogenerated charge 

carriers. Results show that charge collection losses associated with a disordered BHJ film are 

circumvented, and the internal quantum efficiency (IQE) is independent of P3HT local 

aggregate order near the heterojunction interface. Uniquely, this experimental approach 

allows for selective excitation of distinct morphological features of a conjugated polymer 

within a single BHJ film, providing insight into the morphological origin of recombination 

losses. 

5.1 Introduction  

 

In high performance organic solar cells, a BHJ active layer is typically employed that 

consists of a blend of two or more organic semiconductors, typically a conjugated polymer 
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donor and a fullerene acceptor.152 The performance advantage of this architecture is primarily 

attributed to the large increase in the dissociation of photogenerated excitons, enabled by the 

close proximity of the heterojunction (providing a mechanism for efficient exciton 

dissociation) to the location of exciton formation. Once the excitons are dissociated into free 

charge carriers, the BHJ morphology must also allow for efficient charge transport to the 

electrodes. This requires that the semiconductors that make up the BHJ are able to intermix 

well while maintaining a path for efficient charge collection. Thus, it is not surprising that 

device performance is highly sensitive to the BHJ morphology. This has lead to numerous 

studies that have investigated the role of BHJ morphology on various energy conversion 

losses.153,154,155,156,157,158,159,160,161,128,162 In the majority of these studies, a variation in 

materials or processing methods is used to modify the BHJ morphology that is then related to 

a change in device performance.154,159,160,128,162,163 While this approach is effective, changes 

in the film morphology are often coupled to a number of energy conversion processes, 

resulting in ambiguity associated with the change in morphology and specific loss 

mechanisms.  

In this study, we selectively excite distinct morphological features of a conjugated 

polymer within a single BHJ OPV cell to provide insight into the spatial and morphological 

origin of electronic losses. This is accomplished by fabricating a BHJ film with highly 

aligned polymer aggregates. The focus here is on P3HT:PCBM OPV devices, where highly 

aligned polymer chains have previously been fabricated using a strain alignment approach as 

described in Chapter 3,4 and 5.124 Briefly, the strain alignment process consists of physically 

straining a spun cast BHJ film by 100% while on an elastomer substrate, and then transfer 

printing the film onto a partially fabricated device. The film is thermally annealed to improve 
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ordering, and a counter electrode is then deposited on top of the film to complete the 

device.124 The large applied strain has previously been shown to effectively align P3HT 

aggregates with the polymer backbone aligned in the direction of strain.124,96 Importantly, in 

strain aligned P3HT films, the highly ordered P3HT aggregates are strongly aligned while 

amorphous P3HT and lower order aggregates align to a drastically reduced extent.96,120 As 

the primary optical transition dipole is parallel to the P3HT backbone,164 illuminating with 

polarized light allows for preferential excitation of the aligned highly ordered aggregates or 

the more misaligned lower ordered aggregates, as illustrated in Figure 69 and discussed 

below in detail. Uniquely, the polarization sensitive BHJ film provides a framework to 

selectively excite morphologically distinct features of the semicrystalline polymer, while 

maintaining a common local environment for the sweep out of photogenerated charge 

carriers. In this study, we consider 4 distinct BHJ films where the main differences between 

films are the applied strain (0% or 100%) and film thickness. The thick films are 

approximately 220 nm thick as-cast (unstrained) and 155 nm after strain oriented. The thin 

films are approximately 85 nm thick as-cast and 60 nm after strained. 
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Figure 69 A simplified illustration showing the effect of strain on the morphology of the BHJ 

film and the absorption of the P3HT aggregates with illumination by polarized light. Left, an 

illustration of the E-field orientation being parallel and perpendicular to the strain direction. 

The color gradient represents the component of the field parallel to the P3HT aggregate 

backbone orientation. (a) Schematic illustration of the unstrained P3HT:PCBM film with 

aggregates isotropically distributed in-plane. (b) Illustration of strain-aligned P3HT:PCBM 

film with high order aggregates aligned in the direction of strain and low order aggregates 

with greater misalignment relative to the strain direction. Note, the colored regions represent 

the P3HT aggregates and the gray regions represent the amorphous P3HT and PCBM in the 

film. 

 

Performance losses in un-optimized P3HT:PCBM OPV devices have been attributed 

to increased charge carrier recombination due to space charge effects associated with low 
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hole mobility.165,72 These devices may have additional losses associated with an increased 

rate of bimolecular recombination independent of space charge effects.159 The level of 

molecular order at the heterojunction interface may also impact the efficiency of exciton 

dissociation. It is unclear what the contribution of each loss mechanism is to the overall 

device performance given their common morphological dependence. Additionally, while the 

carriers are unable to be efficiently swept out of un-optimized devices, the spatial location of 

the recombination events may be distributed throughout the active layer, be located in close 

proximity to the location of exciton dissociation, or primarily occur near the contacts. 

Importantly, the aligned polymer OPV approach is able to probe photogeneration associated 

with disordered regions of the film while not encountering space charge related performance 

losses. 

5.2 Results and Discussion 

5.2.1 Active layer morphology 

 

Critical to this study is that linearly polarized light incident in orthogonal directions 

excites distinct P3HT morphological features in the same OPV device. Thus, the morphology 

and absorption character of the films must be analyzed in detail. 

To characterize light absorption in the films, we use ultraviolet-visible (UV-vis) 

absorption spectroscopy with polarized light. The absorbance anisotropy of the 100% 

strained films is provided in Figure 70-a and Figure 71. Both the thick and thin strained films 

show high absorbance anisotropy, reaching dichroic ratios of 7.36 and 5.26 at 605 nm, 

respectively. The dichroic ratio is taken as absorbance of light polarized parallel to the strain 

direction to absorbance of light polarized perpendicular to the strain direction. The dichroic 

ratios are indicative of significant alignment of the P3HT backbone in the direction of strain, 
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consistent with strain-aligned neat P3HT films.96 The unstrained films do not show 

absorbance anisotropy, indicative of no preferential in-plane alignment of P3HT chains, as 

expected. The absorbance also provides information about the P3HT aggregate order.  
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Figure 70 (a) Normalized absorbance of 100% strained films under polarized light parallel 

(para) and perpendicular (perp) to strain direction for characteristic thick and thin films. 

Inset, absolute absorbance (Abs.) for the strain aligned thick film. (b-c) The Gaussian line 

width (W) and exciton bandwidth (ů) of the absorbance measurements for the unstrained (O), 

and 100% strained films under polarized light parallel (||) and perpendicular ()̂ to strain 

direction for the thin and thick films.  

 

 

Figure 71 (a) Absorbance for 0% strained films under polarized light, parallel and 

perpendicular to strain direction. (b) Absorbance of 100% strained film. 

 

The normalized absorbance of the strained films, given in Figure 70-a, shows distinct 

absorbance features, particular at the 0-0 energy transition (at ~605 nm) and 0-1 energy 

transition (at ~550 nm). These vibronic features arise from intramolecular and intermolecular 

P3HT interactions and are indicative of P3HT aggregate order. This can be quantitatively 

described by a weakly interacting H-aggregate model previously developed by F.C. 

Spano,82,131 The fitting parameters of the model are the exciton bandwidth (W), the 0-0 

energy transition (E0-0), and the Gaussian line width (ů). Here, W is related to the length of 
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planar interacting chain segments, where a lower value is indicative of higher conjugation 

length, and ů is related to the energetic disorder, where a lower ů value indicates greater 

order within and between the aggregate polymer chains. The best-fit values for W and ů, for 

films under polarized light, are given in Figure 70b,c. E0-0 is relatively constant for all 

measurements and is set to 2.0 eV. The values for ů and W vary depending on processing 

conditions as well as incident polarization. For unstrained films, W and ů are similar to 

previous reports.72 In the strained films, we find that ů and W have unique values depending 

on blend film thickness and the orientation of the incident polarized light. The key 

differences are that the aggregate length (1/W) is found to increase for aggregates that 

preferentially absorb parallel-polarized light, and decrease for aggregates that preferentially 

absorb perpendicular-polarized light, as compared to their unstrained counterpart. When the 

film is strained the aggregate order (1/ů) decreases for both thick and thin films for both 

incident polarization orientations. In the thin film, absorption of polarized light perpendicular 

to the strain direction has a distinctively high ů, or lower aggregate order. 

 

Details of the crystalline P3HT stacking character is provided by grazing incidence 

X-ray diffraction (GIXD) measurements, which were conducted on the unstrained and strain-

aligned thick films with image plate data given in Figure 72. In the strained films, the 

diffraction characteristics are given for the X-ray beam oriented parallel and perpendicular to 

the strain direction. The diffraction pattern of the unstrained film is typical for a 

P3HT:PCBM BHJ film where the P3HT is observed to have a slight preference for edge on 

stacking (conjugated ring plane perpendicular to the substrate) with a broad out-of-plane ́ -  ́

stacking orientation distribution, and a diffuse PCBM ring found near 1.4 Å-1.166 When the 
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film is strained by 100%, a distinct difference in P3HT diffraction is found under orthogonal 

X-ray beam directions, while the diffuse scattering from PCBM remains similar. When the 

X-ray beam is parallel to the strain direction (scattering vector is nominally perpendicular to 

the strain direction), the P3HT crystals oriented with the polymer backbone parallel to the 

strain direction have a similar out of plane stacking distribution as the isotropic film with a 

slight increase in face-on stacking (conjugated ring plane parallel to the strain direction). 

When the X-ray beam is perpendicular to the strain direction, a significant drop off in 

intensity is found for off-normal diffraction. While the intensity in the two directions cannot 

be quantitatively compared due to differences in scattering volume and exposure time, the 

lack of diffraction is indicative of a very small amount of P3HT crystals with their backbone 

aligned perpendicular to the strain direction, consistent with previous work on strain-aligned 

neat P3HT films.96,120 
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Figure 72 Grazing X-ray diffraction (GIXD) image plate data for the thick (a) as cast film 

(iso), and (b,c) strain-aligned film. In the aligned film, the image plate data is for the 

scattering vector nominally aligned (b) perpendicular (perp) and (c) parallel (para) to the 

strain direction. 

 

 Absorbance and GIXD show evidence that both the highly ordered P3HT aggregates 

and the crystalline aggregates are primarily oriented in the direction of strain. However, high 

order aggregates that are not perfectly aligned parallel to the direction of the strain will 

contribute to absorption of perpendicular-polarized light. To consider the magnitude of this 

contribution, we consider previous work on aligned P3HT films where grazing incidence X-

ray diffraction (GIXD) ű-scans were measured on 100% strained films.96 These films had a 
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dichroic ratio of approximately 4.0 at 605 nm, similar to but lower than the dichroic ratio of 

the aligned films in this study. The ű-scan considered the diffraction intensity of the in-plane 

100 peak as the film is rotated azimuthally, which is considered the characteristic orientation 

distribution for all crystals in the film. While aggregates do not necessarily diffract,135 the 

crystal distribution provides an approximation of the high order aggregate in-plane 

orientation distribution. To estimate the absorption of high order aggregates in the strain-

aligned films when incident light is polarized perpendicular to the strain direction, the 

following procedure was used. First, the high order aggregates are considered to behave the 

same as the diffracting P3HT crystallites. The in-plane orientation distribution of P3HT 

crystallites is taken from a ű-scan on strain-aligned neat P3HT films. The strained P3HT 

films have a slightly smaller dichroic ratio to the strained P3HT:PCBM films, suggesting that 

the orientation distribution of the P3HT aggregates in the strained P3HT:PCBM films is 

similar to strained neat P3HT films (and a conservative estimate). Determining the absolute 

absorption contribution of the aggregates from GIXD and comparing the results to the 

measured absorption using the integrating sphere is not possible. However, a ratio of the 

diff racting P3HT absorption for light polarized parallel and perpendicular to the strain 

direction can be estimated from the ű-scan. The relative absorption of parallel-polarized light 

by high order aggregates is estimated by integrating the product of the ű-scan intensity and 

cos2(ű),   

 ()2

||

0

  cosC I d

p

f f f=ñ   (1.28) 

The cos2(ű) term is due to the absorption being proportional to the dot-product of the E-field 

and the optical transition dipole moment along the backbone of the P3HT. Similarly, the 
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relative absorption of perpendicular-polarized light by high order aggregates can be 

estimated by, 

 ()2

0

  (1 cos )C I d

p

f f f^= -ñ   (1.29) 

The full width half max of the ű-scan is approximately 20°, resulting in the ratio 

|| .003/ 0C C^ = , which represents the relative contribution of absorption for the two 

polarized light orientations. This alone suggests that contribution of high order aggregates to 

absorption of perpendicular polarized light is very small. However, the total absorption of 

perpendicular polarized light in the film needs to be accounted for to estimate the 

contribution of the high order aggregates to total absorption. This is approximated by 

considering the weakly-coupled H-aggregate model. This model uses a proportionality 

constant to fit the measured absorbance data given in Figure S1. In the parallel direction this 

constant is found to be 1.80. Multiplying this by ||/C C^  provides a relative proportionality 

constant for the H-aggregate model for perpendicular polarized light absorption by the high 

order aggregates (same W, ů as parallel polarized light). The experimental absorbance and 

modeled absorbance of the high order aggregates is then transformed into transmittance using 

the relation Abs(ɚ) = -log(T(ɚ)), and the absorption is then found by taking Absorption(ɚ) = 

1- T(ɚ). While this does not account for reflection in the absorbance measurement, this is not 

expected to significantly change the results. The estimated absorption of polarized light 

perpendicular to the strain direction from the high order aggregates is compared to the total 

calculated absorption in the perpendicular direction, shown in Figure S3.  



120 

 

.  

Figure 73 Measured absorption for polarized light perpendicular to the strain direction, and 

the modeled of the contribution of light absorption from high order P3HT aggregates (HOA) 

under perpendicularly polarized light. 

 

Using this approach, the contribution of high order aggregates to the absorption of light in the 

strain filmed under perpendicular polarized light for wavelengths greater than 525 nm is 

found to be ~2%. 
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5.2.2 Internal Quantum Efficiency 

 

To probe how light absorption in the distinct polymer aggregates influences device 

performance, we determine the internal quantum efficiency (IQE) of the unstrained and 

strain-aligned OPV cells under linearly polarized illumination. The IQE is the ratio of the 

number of charges extracted from the device to the number of photons absorbed by the active 

layer,29 and is found by dividing the external quantum efficiency (EQE) by the absorption of 

the active layer. The EQE of all devices under polarized illumination is given in Figure 74. 

A large anisotropy is observed in the EQE that is primarily attributed to the differences in 

device absorption.  

 

 

Figure 74 External quantum efficiency (EQE) for the unstrained film (iso) and strain-aligned 

films under polarized light parallel (para) and perpendicular (perp) to the strain direction. 

 

 

 



122 

 

Film Absorption  

The active layer absorption in the device is measured using a combination of an 

integrating sphere reflection-based measurement and a transfer matrix model (TMM), more 

details on the TMM is given in Section 1.5 .29 The reflection-mode integrating sphere 

measurement is used to obtain the full absorption of the device stack including electrodes. 

The TMM is used to predict the absorption of all layers of the OPV cell excluding the active 

layer, i.e. the parasitic absorption. The active layer absorption is then calculated by 

subtracting the parasitic absorption from the total device stack absorption.29 The active layer 

absorption for the isotropic and the anisotropic thin (a) and thick (b) film devices is given in 

Figures 77 and 78 respectively.  



123 

 

 

Figure 75 Active absorption for 0% strained devices under polarized light, parallel and 

perpendicular to strain direction. 
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Figure 76 Light absorption in the (a) thin and (b) thick strain-aligned films. The active layer 

absorption (active) is determined by subtracting the parasitic absorption calculated using 

transfer matrix modeling from the experimentally measured total (total) device absorption. 

The absorption is measured under polarized light parallel (para) and perpendicular (perp) to 

the strain direction. 

 

It is important to note that anisotropic optical constants for the P3HT:PCBM layer 

were required to accurately calculate the parasitic absorption with the TMM for the strain-

aligned devices. While the P3HT:PCBM layer is not included in the parasitic absorption, the 
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electric field intensity distribution throughout the device stack is affected by the optical 

constants of this layer and thus should be representative of the film. The anisotropic 

refractive index was estimated by using previous ellipsometry measurements of strain-

aligned P3HT films,96 and taking the films as a 50:50 ratio by volume of aligned P3HT and 

isotropic PCBM. The imaginary part of the refractive index was then scaled slightly further 

to capture the larger dichroic ratio of the aligned BHJ films as compared to the aligned neat 

P3HT films. The scaling was such that the experimentally determined total reflection of the 

cell closely matched the modeled reflection, as given in Figure 77.  

 

Figure 77 Experimental and modeled total reflectivity from the strain aligned OPV cells for 

the (a) thick, and (b) thin film devices. 
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Finally, a film roughness was also introduced in the TMM to accurately reproduce the 

measured absorption at wavelengths greater than 650 nm.167,168 The input roughness values 

ranged from 2-7 nm and agree well with the surface roughness of the P3HT:PCBM layer as 

measured by atomic force microscopy. 

  From the EQE and active layer absorption, the IQE for each device is determined 

with results for OPV cells under polarized light provided in Figure 78. The IQE for the 

unstrained devices is found to be similar to previous results for high performing 

P3HT:PCBM OPV devices,155,29 without significant separation with incident polarization 

direction, as expected. In the strain-aligned devices, it is observed that the IQE spectra are 

also independent of incident light polarization. The IQE of these films is similar to the IQE 

of the unstrained devices, with a slight drop at shorter wavelengths. The IQE data is limited 

to wavelengths below å620 nm due to the near-zero light absorption past this wavelength. 

 

Figure 78 Internal quantum efficiency (IQE) for the unstrained (iso) and strain-aligned BHJ 

device under polarized light parallel (para) and perpendicular (perp) to the strain direction for 

the (a) thin film and (b) thick film devices. 
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5.2.3 Light intensity device measurements 

 

The H-aggregate model fits to the measured absorbance show that for light absorption 

of polarized light perpendicular to the strain direction, the P3HT aggregates are highly 

disordered. This level of disorder in P3HT:PCBM films has previously been shown to result 

in significant space charge effects,72 and increased bimolecular recombination rates159 that 

limit device performance. Light intensity measurements are a simple and effective tool that 

can assist in determining the order of recombination (i.e. monomolecular vs. bimolecular) as 

well as space charge effects and are thus investigated with this set of devices. 153,161,165 ,169,170  

The light intensity (I) dependence of the short circuit current (JSC) and open circuit 

voltage (VOC) is given in Figure 79-a,b for the thin film devices and Figure 79-c,d for thick 

film devices. The JSC dependence on I is found to follow the relationship, JSC  ́ Im,161,165 

where scaling factor, m, is found to be close to 1 for all films (unstrained and strain-aligned) 

and under the two polarized light orientations. As m approaches 1, it has been shown that 

charge recombination is primarily monomolecular.161,171 Conversely, if space charge effects 

are a factor, the scaling factor is typically found to be significantly less than 1.165 The linear 

dependence between JSC and I highlights that there is efficient charge transport through the 

device and space charge effects are not significant. As the P3HT:PCBM device moves away 

from short circuit current and towards open circuit conditions, there is commonly a transition 

from monomolecular recombination to contributions from bimolecular and Shockley Read 

Hall (SRH) processes.170 When bimolecular recombination is the sole loss mechanism, the 

slope of VOC with ln(I) is equivalent to KBT/e, where KB is Boltzmann constant, T is 

temperature, e is the electron charge.170 In P3HT:PCBM BHJ OPV cells, the slope is 

typically found to be greater than KBT/e, attributed to a contribution from charge 
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recombination of SRH nature. The VOC as a function of illumination is given in Figure 79. 

The slope of the data is found to be similar to other reports on high performance 

P3HT:PCBM OPV cells,170 and no significant differences are found between the unstrained 

and strained devices or between the two incident polarized light directions. In summary, the 

light intensity measurements show that the dominant recombination mechanisms in the 

device follow similar trends commonly observed for high performance P3HT:PCBM OPV 

cells, and that no distinct recombination processes are observed between the unstrained and 

strain-aligned OPV cells.  
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Figure 79 (a) Short circuit current (JSC) with varying light intensity for the unstrained (iso) 

and strain aligned films under parallel (para) and perpendicular (perp) polarized light for the 

thin films (c) for the thick films. The line fits are given with the slope m provided in the 

legend. (b) The open circuit voltage (VOC) with varying light intensity for the unstrained and 

strain-aligned thin films, (d) for the thick films. The data is given with a natural log curve fit 

with a slope of s*KBT/e, with s provided in the legend. The illumination is for simulated 

solar AM1.5G light. 

 

5.3 Discussion 

 

In OPV cells, the IQE can be broken down into the efficiency of exciton diffusion to 

the heterojunction, exciton dissociation into free charge carriers, and charge collection. When 
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considering various loss mechanisms, previous work has suggested that geminate 

recombination at the heterojunction is a significant loss mechanism in disordered 

P3HT:PCBM devices.154,162,169 However; more recently, bias-enhanced charge extraction 

(BACE) measurements have provided evidence that geminate recombination is not a 

significant loss mechanism in these cells over a wide range of morphological order.159 This 

suggests that the predominate loss mechanism in disordered P3HT:PCBM organic solar cells 

originates from poor charge collection efficiency. In P3HT:PCBM BHJ films, efficient and 

extremely fast exciton quenching is typically observed.154,172 This suggests that in the films 

under consideration, electronic coupling to the heterojunction is efficient and the exciton 

does not travel between P3HT domains. The similar IQE for light absorbed by the ordered 

and disordered P3HT aggregates in the aligned films provides direct evidence that exciton 

dissociation into free charge carriers is efficient in films of various P3HT local order (i.e. the 

quantum efficiency of photogeneration of charge carriers is independent of P3HT aggregate 

order) supporting recent findings.159 

Assuming that the photogenerated exciton dissociates into free carriers at the nearest 

heterojunction interface, the hole is either introduced into the high or low order P3HT 

aggregates associated with the location of light absorption. The similar polarization-

dependent IQE in the aligned BHJ devices also shows that photogenerated charge collection 

is independent of the local order at the heterojunction. Previous work has shown that space 

charge limited photocurrent becomes an important factor in BHJ films when W is greater 

than å150 meV and ů is greater than å77 meV.72 While the absorption of perpendicular 

polarized light in the strain-aligned films are found to have fitting parameters with greater W, 

and ů, space charge effects are not observed in the films. This suggests that the hole 
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introduced into the disordered P3HT effectively moves to an ordered polymer network for 

efficient charge collection. In the strained films, the majority of P3HT aggregates are aligned 

in the direction of strain, and are similar in order to high performance BHJ films.72 Therefore, 

once the hole moves away from the heterojunction it will see a similar P3HT environment of 

a high performance BHJ films, and efficient carrier sweep out is possible. This picture is 

consistent with the BHJ description that P3HT and PCBM segregation results in ordered 

regions that have a favorable shift in the local molecular energy levels compared to the 

disordered regions providing a driving force for charge dissociation and a path for efficient 

carrier collection.158,128,162  

Finally, the IQE in the strained films is found to have a slight decrease in IQE as 

compared to their unstrained counterparts, particularly for shorter wavelengths. The 

increasing difference found at shorter wavelengths corresponds to an increasing contribution 

of the PCBM absorption to the IQE. Thus, the drop in the strained films may be associated 

with more isolated PCBM molecules or clusters that do not allow for an efficient electron 

percolation network. Previous work on polymer:fullerene devices has suggested that isolated 

PCBM molecules will act as morphological traps and a drop in quantum efficiency will occur 

across the entire response spectrum of the device.160 In addition, analysis of P3HT:PCBM 

OPV cells doped with the fullerene derivative, PC84BM, to act as an electron trap, had a 

similar drop in quantum efficiency across the entire response spectrum of the device.173 The 

slope of the VOC as a function of illumination intensity in this study was also found to be 

sensitive to fullerene trap density.173 Here, we do observe a small drop in IQE across the 

spectrum, suggesting that a small contribution from PCBM trap states may be possible. 

However, illumination intensity dependent device behavior does not significantly vary in the 
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strained devices, suggesting this is only a minor factor in device performance (similar to the 

minor drop in IQE). The fact that the films are physically strained by 100% while 

maintaining IQEs associated with high performance P3HT:PCBM BHJ devices speaks to 

effectiveness of this alignment approach. 

5.4 Conclusion 

 

In this study we demonstrated an experimental procedure that allows us to study 

performance losses associated with light absorption by high and low order polymer 

aggregates in a single BHJ solar cell. In order to do so we applied a 100% uniaxial strain on 

ductile P3HT:PCBM BHJ films. This results in a film with a high degree of polymer 

alignment, particularly of the crystalline P3HT. The devices are then tested under linearly 

polarized light, where polarized light parallel to the strain direction is found to be absorbed 

predominately by amorphous P3HT and high order P3HT aggregates, and light polarized 

perpendicular to the strain direction is absorbed by amorphous and lower order polymer 

aggregates. The IQE for the strain-aligned devices was found to be similar under each 

polarization, indicating that the efficiency of charge photogeneration is efficient for excitons 

generated in both high and low order P3HT aggregates. Once excitons dissociated into free 

charge, the BHJ morphology is such that sweep out of charge carriers is efficient. This is 

supported by varying-light intensity measurements that show no presence of bimolecular 

recombination under polarized light absorption. This device architecture overcomes space 

charge effects that have previously dominated IQE losses that have made it difficult to probe 

the losses at the heterojunction interface associated with film disorder. Thus, the 

demonstrated method of orienting distinct morphological features in the plane of the film has 

the unique and significant capacity to determine if recombination losses associated with 
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polymer morphology occur in the film bulk or near the heterojunction interface. Since the 

low and high order aggregates are probed within the same film, we were able to normalize 

any differences in charge collection efficiency that are typically present between low and 

high order BHJ films. The approach of fabricating in-plane aligned polymer BHJ OPV 

devices is expected to be possible in a number of polymer systems,146,174 and as shown in this 

study, is a simple and highly effective tool to gain insight into device performance.  

5.5 Experimental Section 

 

Materials: The P3HT was obtained from Plextronics Inc. with a number-averaged molecular 

mass Mn = 50 kD, a regioregularity of 99%, and a polydispersity of 2.1.175 The PCBM was 

obtained from Nano-C with a purity of 99.5%. The PEDOT:PSS solution was type PVP 

AI4083, obtained from Heraeus Materials Technology.  

Device preparation: The device fabrication starts with spin casting PEDOT:PSS films at 

5,000 rpm onto a donor glass substrate followed by thermal annealing at 120 °C for 20 min. 

Two P3HT:PCBM solutions were used, with a 60:40 mass ratio in 1,2-dichlorobenzene at a 

concentration of 20 mg ml-1 and 36 mg ml-1. The P3HT:PCBM film was then spun cast at 

1,000 rpm for 60 s, resulting in a å85 nm and a å220 nm thick film respectively as 

determined by variable angle spectroscopic ellipsometry. The P3HT:PCBM film on the 

PEDOT:PSS coated glass substrate was then laminated onto a PDMS slab that was attached 

to a custom built strain stage. The composite stack was immersed in a deionized (DI) water 

bath where the PEDOT:PSS layer dissolves and the donor substrate detaches from the film. 

The P3HT:PCBM film, which is now adhered to the PDMS slab, was removed from the DI 

water and dried with N2 gas. The composite was then strained to 100% (strained film) or left 

unstrained and printed onto a receiving substrate that consists of spun cast PEDOT:PSS film 
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on an indium tin oxide (ITO) coated glass substrate. The PDMS was then removed, leaving 

the P3HT:PCBM film on the receiving substrate. In order for the strain alignment method to 

be successful, the P3HT:PCBM film must be highly deformable, which has previously been 

shown to depend on the local order of the P3HT in the blend film.106 The designated solution 

formulation and casting conditions, described above, resulted in a relatively low level of 

local order. This resulted in the ability to strain the films, by over 100%, without fracturing 

or tearing. After the strain and print process, the local order of the P3HT:PCBM is improved 

and OPV device performance is optimized by thermally annealing the films at 130 °C for 10 

min, followed by slowly cooling the films to room temperature. To complete the OPV cell, 

the cathode, consisting of 1 nm of LiF and 100 nm Al, was deposited by vacuum thermal 

evaporation at a pressure of 1x10-6 mbar. 

Morphology characterization: Absorbance measurements were made using an Ocean Optics 

Jazz spectrometer. X-ray diffraction was performed at the Stanford Synchrotron Radiation 

Lightsource (SSRL) on beam line 11-3 with an area detector (MAR345 image plate), an 

energy of 12.735 keV, and an incidence angle of å0.12Á. 

Device characterization: The active area of the OPV cell was 3.14 mm2 and the devices were 

tested using a Newport 150 W solar simulator with an AM1.5G filter under linear polarized 

light at an intensity of 41 mWcm-2. The EQE measurement was performed using a Newport 

7400 Cornerstone 130 1/8m monochromator and a Stanford Research Systems SR810 Lock-

in amplifier.  
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6 Semi-transparent Polarized Organic Photovoltaics for Polarimetery 

Application 
 

6.1 Introduction  

 

Light is an electromagnetic wave with an oscillating electric and magnetic fields 

orthogonal to one another. The direction of the oscillation of the electric field dictates the 

polarization angle of the light, the light can also be circularly polarized as seen in Figure 80. 

 

Figure 80 Schematic of a light ray with linear and circular polarizations.176  

 

 The field of study that quantifies the polarization state of light is called polarimetry. The 

state of polarization of an incident light can be changed when the light beam interacts with 

different objects or mediums whether found in nature177 or manmade143. Several animals use 

light polarization for communication between each other or to divert predators such as scarab 

beetles seen in Figure 81. The human eye is not capable of detecting light polarization. Our 

eye detection is limited to light intensity (that is how bright or dim an object is) and to the 

color of the light. A typical human eye can detect light wavelengths between 390-700 nm 

also known as the ñvisible rangeò.178 Therefore, for us to analyze any information from the 
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polarization state of light we need a detector to give us that polarization information, this tool 

is known as a polarimeter.  

 

Figure 81 Reflection of circularly polarized light from the scarab beetle (scientific name: 

Crysina gloriosa)177 

 

The change of light polarization when it interacts with a thin film can give a lot of 

information about the thin film itself. This optical technique is called ellipsometry. In 

ellipsometry a light source with a known polarization state is shined onto a thin film where 

part of it is absorbed and part of it is reflected onto an analyzer as seen in Figure 82. 

Ellipsometry is used to measure a filmôs optical constants, roughness, composition, 

thickness, electrical conductivity and other properties. The detector in an ellipsometer is a 

polarimeter as it characterized the polarization state of the reflected light. Therefore 

accurately determining the polarization state of light can be useful in many applications such 

as ellipsometry, remote detection, biomedical imaging, signal demultiplexing in 

telecommunications, modeling climate change and other applications. 
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Figure 82 A schematic showing the basic three elements of an ellipsometer. A light 

source/polarizer with a known polarization state, a semi-reflective sample, and an 

analyzer/detector.179 

 

In order to numerically describe the polarization state of light Stokes parameters S0, S1, S2 

and S3 are used. For any light with a specific intensity, wavelength and polarization state 

there is a corresponding Stokes matrix to describe it as seen in Figure 83. S0 is related to the 

light intensity, S1 and S2 describe the linear polarization of the light, S3 corresponds to the 

circular polarization of light.  

 

Figure 83 Stokes parameter matrix and the relation of each row to the polarization of light. 


























































