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ABSTRACT

Conjugated polymers are candidates for use in low-cost electronics and photovoltaics.
These organic materials could have myriad applications ranging from providing residential
electricity to accessing and collecting data. The potential impact of such devices derives from the
organic interfaces of the electron donor-acceptor heterojunctions. These interfaces, which are
typically composed of fullerene-based acceptors, demonstrate efficient conversion between light
and power. This work compares the efficiency of fullerene-based PCBM and non-fullerene-based
PFTBT acceptors. To test fullerene-based acceptors, organic photovoltaic devices were
constructed using P3HT/PCBM and PTB7/PCBM active layer combinations that were fabricated
using glass substrates with an indium tin oxide (ITO) and PEDOT:PSS coated cathode combined
with an evaporated aluminum anode. To test non-fullerene-based acceptors, various devices were
created using P3HT/PFTBT and P3HT-b-PFTBT combinations. Experimental device efficiencies
found for fullerene-based acceptors were higher than those found for non-fullerene-based
acceptors.
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Chapter 1
Introduction

Background and Motivation
Renewable energy in the form of solar power may provide a viable alternative to fossil
fuels and will help in slowing climate change. The demand for inexpensive and sustainable energy
sources has driven research to develop low-cost photovoltaic devices, which produce electricity
from sunlight. Organic semiconductors are inexpensive to manufacture via high-throughput, rollto-roll processing techniques and have small installation costs due to their low weight and high
flexibility.1 As such, organic semiconductors are cost-competitive with current grid electricity.

Figure 1-1. Roll-to-roll manufacturing technique2
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Overview
Organic Solar Cells
Organic solar cells are a class of photovoltaic
devices that use organic electronics for light
absorption and charge transport to produce
electricity from sunlight via the photovoltaic effect.3
Typically, these devices have a design that
resembles a traditional battery and incorporates two
metal electrodes and an electrolyte rich medium that

Figure 1-2. Organic solar cell4

permits excellent ion exchange, which consequently forms a direct current. Unlike a conventional
battery, organic solar cells replace the lead-acid electrolyte medium with a polymer-based medium
that permits ion exchange and converts light into electrical current. This conversion process
involves excitation, dissociation, charge separation, and conduction between the metallic
electrodes of the device.5 Device layouts are fabricated using a layering technique that connects
individual components to allow overall functionality within the cell.

3

Device Architecture

Figure 1-3. Schematic of organic photovoltaic device6

Organic photovoltaic devices are typically composed of the following five uniquely layered
sections: the substrate, the two anode components (ITO and PEDOT:PSS), the active layer, and
the cathode (aluminum, silver, gold, or platinum).7 Each material has properties that enable the
overall device to function.
 The substrate layer is the foundation of the device, and it is usually composed of glass or a
lightweight/flexible plastic. The optical transparency of this material is crucial to the design
because this is where sunlight is first absorbed in the device. If light is scattered, blocked,
or reflected, the substrate cannot convert it into usable energy in an efficient manner,
therefore rendering the device useless in its photovoltaic form.
 The next two layers (PEDOT:PSS/ITO) form the device’s anode. The ITO (indium tin
oxide) portion is normally etched into the substrate layer. Indium tin oxide is most widely
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used since it is composed of electrically conductive compounds, while also remaining
optically transparent to ensure the efficient passage of light. The next layer, which is
typically composed of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (otherwise
known as PEDOT:PSS), is a crucial addition to the anode of the device because it ensures
efficient charge transport and reduces electron recombination. This soluble material can be
easily spin-coated on top of the existing ITO layer to improve the device’s performance by
adequately preventing free electrons from traveling against the current to the cathode.
 The final spin-coated layer exclusively contains organic electron donating/accepting
compounds known as the active material. This layer has the greatest diversity in possible
materials. The premise of this experimentation was to examine how changes to this layer
(primarily the electron-acceptor portion) affects the overall device efficiency. Generally,
this layer utilizes the combination of poly-3-hexylthiophene and [6,6]-phenyl-C61-butyric
acid methyl ester (P3HT/PCBM). Manipulations to this combination, mainly the
substitution of a fullerene-based acceptor (PCBM) with a non-fullerene-based derivative
(PFTBT), leads to different device efficiencies and voltages.
 The final layer contains a deposited metal (e.g. aluminum, silver, gold, or platinum). This
topmost metal layer acts as the cathode and completes the circuit in the photovoltaic device.
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Energy Conversion Process
Materials that have delocalized π electron systems are capable of absorbing sunlight,
producing photogenerated charge carriers, and ultimately transporting these charge carriers
throughout their system.8 This unique characteristic is the driving force that allows usable power
to be generated from a light source once an anode and cathode are attached to this open organic,
semiconducting circuit. The photovoltaic process starts with electron excitation.
After a photon passes through the active polymer layer, an
electron is immediately excited from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). This electron-hole pair then relaxes with a
binding energy between 0.1 – 1.4 eV, and is known as an exciton.9
The exciton bonding energy among organic semiconductors is far Figure 1-4. Visualization of the
larger than their inorganic counterparts, which are known to only

energy conversion
process 10

reach exciton bonding energy levels on the order of millielectron volts (meV) at best. The main
reason why the binding energy is much larger in organic semiconductors is because electron and
hole wavefunctions are localized and the dielectric constants are low, enhancing the Coulomb
attraction between the electron and the hole.9 These bound excitons then must be able to migrate
to an interface where a significant chemical potential energy exists in order to drive the dissociation
across the donor (a material with low electron affinity) and the acceptor (a material with high
electron affinity). A simple version of this process occurs when a transparent ITO substrate is
coated with PEDOT:PSS and packed together with a reflecting metal like aluminum.
After the exciton has been generated, each charge carrier must be transported through the
device to the appropriate electrical contact (negative charge flows to the cathode and positive
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charge flows to the anode). To help ensure an efficient electron transport and avoid traps or
recombination, bulk heterojunctions (BHJs) are typically used to make the electron donating and
accepting active layers. The simplest and most common BHJ is made with a P3HT/PCBM
donor/acceptor combination.11 However, the exploration of a new electron acceptor (PFTBT) was
introduced in this experiment and used to replace PCBM with the hopes of achieving higher device
efficiencies. The two electron acceptors can be viewed below in Figure 1-5.

Figure 1-5. Molecular structures of PFTBT (on left) and PCBM (on right) 12

Next in the energy conversion process is the charge separation step. Now that the exciton
has diffused through the interface between the donor and acceptor within the active layer material,
it must move from the higher energy state of the donor to the lower unoccupied energy level of the
acceptor. Finally, the energy needed to induce electrical conduction is available and just needs to
be properly transferred. Since the charges are essentially separated, a rather large electrical
potential difference is induced between the ITO anode and the metal cathode. This difference in
electrical potential (which can be compared to the same potential energy difference that causes a
stone to roll down a hill) causes a similar “downhill” energy flow of electrons towards the metal
cathode. Once the circuit is completed, this collection of oppositely charged particles flowing
across a medium is the very basic definition of a power supply.13 As long as there are no breaks or
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interruptions to the circuit itself, this conversion of light/energy to free flowing electrons will
create an electrical current that can be scaled up to accomplish any type of work like running a
motor or lighting your house.14 As long as there is a constant source of sunlight, this is an extremely
cheap and sustainable source of usable energy that has almost limitless possibilities in our
everyday lives.

Research Goals
Compared to its fullerene-based counterpart (PCBM), non-fullerene electron acceptors
such as PFTBT are cheaper, easier to work with, and are potentially a more efficient material to
use in the active layer within an organic semiconductor.15 This experiment has two primary goals
with the first being to build, optimize, and improve current fullerene-based organic semiconductor
devices. The second goal of this experiment is to explore new sources of electron accepting
polymers with the hope of improving the overall efficiency of these conventional devices, while
also adding to the growing amount of available data in this field.
The motivation behind this research stems from the urgent need for an economically viable
alternative to fossil fuels. According to the Intergovernmental Panel on Climate Change’s 2014
Synthesis Report16, continued emission of greenhouse gases will result in further warming of the
planet, greater global mean sea level rise, and long-term impact to every component of the climate
system. This would increase the probability of severe, prevalent and permanent effects on
communities and ecosystems. Using solar cells instead of fossil fuels to produce a portion of the
world’s energy would reduce greenhouse gas emissions, which could contribute to limiting climate
change.
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Chapter 2
Experimental Methods
There are a countless number of experimental techniques utilized during the assembly of
organic solar cells. In addition to the differing experimental styles available, there are also
numerous design variables that can be manipulated during this entire process. In an effort to isolate
only the effects of changing the electron acceptor from PCBM to PFTBT, all other design variables
(like solution concentration, mass ratios, annealing times/temperatures, etc.) were held constant.

Building Organic Photovoltaic Devices
Preparing, assembling, and testing photovoltaic devices is a relatively complex process.
Extreme care, attention to detail, and sufficient time must be devoted to every step in the build
process to provide consistent and high-performing devices that yield accurate and precise results.
In short, this design process involves several cleaning and preparation steps, spin-coating/
evaporation techniques, and annealing routines that improve the device’s overall performance.
Additionally, the device must almost exclusively be prepared in a purged glove box because the
active layers degrade very quickly (in only a matter of hours) when exposed to air.17

9

Solution Preparation
Four unique solutions were made in total, consisting of the following combinations:
P3HT/PCBM, PTB7/PCBM, P3HT/PFTBT, and P3HT-b-PFTBT. The first solution was made
with a 1:1 mass ratio of P3HT:PCBM at a concentration of 20 mg/mL with chlorobenzene as the
solvent. The second solution was made with a 1:1 mass ratio of PTB7:PCBM at a concentration
of 25 mg/mL with chlorobenzene (97%) and 1,8-diiodooctane (3%) as the solvent. The third
solution was made with a 1:2 mass ratio of P3HT:PFTBT at a concentration of 15 mg/mL with
chloroform as the solvent. The final solution was made with the P3HT-b-PFTBT block copolymer
at a concentration of 5 mg/mL with chloroform as the solvent. All solutions were heated to
approximately 55 °C for a minimum of 12 hours to fully dissolve the solids as much as possible.
Cleaning ITO Substrate
While it may seem rather laborious and mundane, properly cleaning the ITO substrates
arguably has the largest overall impact on whether the device performs effectively at all. Even the
smallest fleck of dirt or dust (which can be invisible to the naked eye) may disrupt the continuity
throughout the solar device. This is because such particles tend to attach themselves to the surface
interface of the ITO and if the PEDOT:PSS or any active layer is spin-coated on top of that dirt or
even oil, there will be a “hole” in the device. This “hole” effectively ruins whatever purpose the
coated layer had at that specific location. With this in mind, extra care and consideration must be
taken into account during the following cleaning process if one ever intends to build a successful
device.
The substrate (which refers to the entire glass-ITO apparatus) must be cleaned in four,
order-dependent phases. These phases are made up of (1) scrubbing the substrate clean by hand,
(2) sonication in acetone, (3) subsequent sonication in propanol, and (4) cleansing the substrate
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with a UV-Ozone cleaner. The initial scrubbing step is performed with a sterile cleaning swab,
deionized water, and a custom soap that does not degrade the ITO interface. The entire substrate
must be thoroughly scrubbed and rinsed clean with DI water, before it is dried with a pressurized
air gun. The sonication steps primarily serve the purpose of agitating the substrate that is fully
immersed in solution with the goal of loosening and dissolving contaminant particles that may still
remain after the initial bulk-scrubbing. Each sonication step should run for a minimum of 10
minutes per dissolving solution before the substrates are once again dried with the air gun and
prepared for the last cleaning phase. Finally, the UV-Ozone cleaner is used to achieve near-perfect
cleanliness on an atomic level. This process works by essentially exciting any contaminate
particles still on the surface with short-wavelength, UV-radiation. The excited contaminate
particles then react with the oxygen present in the air and desorb from the substrate surface almost
entirely.
Spincoating PEDOT:PSS and Active Layer
In a laminar-flow hood, which is designed to mitigate any new introduction of contaminant
dust particles, a liquid solution of PEDOT:PSS is spin-coated on top of the ITO at a rate of 4000
rpm for 2 minutes or until a 65 nm thickness is achieved. The PEDOT:PSS coated substrates are
immediately annealed at 165 °C for 10 minutes and then transferred into a glove box. Once inside
the glove box, the active layer solution is spin coated directly on top of the PEDOT:PSS layer at a
rate of 800 rpm for 1 minute or until a 60 – 70 nm thickness is achieved.
Application of Aluminum Layer
Vacuum thermal evaporation is used to apply the final aluminum electrode layer to the
device. The coated substrate is placed in a templated, shadow-mask inside the evaporation
chamber. The chamber is then evacuated until a steady pressure of approximately 10-6 mbar is
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observed. The aluminum can now be evaporated and deposited evenly on top of the active layer to
the precise thickness of 75 nm. Once this application process is complete, the device is essentially
fully put together and testable.
Annealing
In an effort to maximize performance, certain devices are annealed after complete
integration. The annealing temperatures and times may vary, but for this experiment, all devices
were annealed at a temperature of 165 °C for 10 minutes with the only exception of the
PTB7/PCBM device, which was not annealed after integration. The devices were all allowed to
slowly cool down to room temperature before any testing began.

Testing Organic Photovoltaic Devices
Photovoltaic measurements were performed in a N2 atmosphere under a simulated AM
1.5G illumination (97 mW/cm2) from a xenon lamp solar simulator (Newport Model SP92250A1000). The illumination intensity was calibrated using an optical power meter and NREL certified
Si reference photocell (Newport). A Keithley 2636A Sourcemeter was used to measure the currentvoltage characteristics of the solar cells. Additionally, all measured data was captured and recorded
via the Labview software package.
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Dark Test
To ensure the integrity of the device’s performance and correct for deviations, every device
was first tested under “dark” conditions. The shutter on the solar lamp was closed during this
process and a dark filter was placed in front of the exposed substrate to minimize the amount of
ambient light that can pass through the device. The Labview program must run during this test and
record the power conversion efficiency, open-circuit voltage (VOC), short-circuit current (JSC), and
fill factor (FF). Figures 2-1 through 2-4 depict examples of “dark analysis” for each device built.
Under dark conditions, plots of log(|JSC|) vs VOC should theoretically yield V-shaped curves that
are symmetrical about the y-axis.

Figure 2-2. Sample Dark Test of P3HT/PCBM

Figure 2-1. Sample Dark Test of PTB7/PCBM

Figure 2-4. Sample Dark Test of P3HT/PFTBT

Figure 2-3. Sample Dark Test of P3HT-b-PFTBT
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Light Test
After the dark tests are recorded, the shutter on the solar lamp is opened and the dark filter
is removed to ensure that the maximum amount of simulated sunlight passes through the devices.
The Labview software package also collects and records the power conversion efficiency, opencircuit voltage (VOC), short-circuit current (JSC), and fill factor (FF) for the light process.
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Chapter 3
Experimental Results and Discussion
To better understand the raw data and its statistical significance, an initial base case was
first established. This base case included numerous trials of P3HT/PCBM and PTB7/PCBM
devices. The goal of this stage was to replicate the devices and observe an output in an acceptable
range found in the existing literature. Once the base case was successfully established and the
results coincided, the next stage of the experimental process took place by switching out the PCBM
acceptor with the PFTBT acceptor. The relationship and observable changes that arose between
the two different acceptors are outlined and discussed below. The four basic criteria that were
chosen for a basis of comparison between the devices are as follows: Maximum Efficiency, Shortcircuit Current (JSC), Open-Circuit Voltage (VOC), and Fill Factor (FF). The maximum efficiency
refers to the exciton diffusion length, which is the distance over which excitons travel before
undergoing recombination. The JSC is the current that reaches the contacts with no applied field,
while the VOC is the maximum electrical potential generated by the device. Finally, the FF is the
ratio between the maximum power generated and the product of JSC and VOC, which represents the
overall quality of the device.
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Results
The target efficiency range for the P3HT/PCBM device at a 20 mg/mL concentration in
most published experiments is roughly 2.5% while the target efficiency range for the PTB7/PCBM
device at a 25 mg/mL concentration is just over 3.0%. Both of these target efficiencies were met
during the replication of this experiment, which indicates that the procedure is accurate and the
testing probes/software are working properly. The compounded raw data from these trials can be
viewed in Appendix A along with the standard deviation between each device.
With the base case established, the focus was then shifted to devices made up of
P3HT/PFTBT and P3HT-b-PFTBT. The goal of this experimental phase was to achieve equal or
greater device performance than the fullerene-based devices listed above. However, getting the
optimum concentrations and annealing conditions for the PFTBT devices was tricky. Known
efficiencies for the P3HT-b-PFTBT block polymer devices varied greatly between 0.5 – 2.7%,
while the P3HT/PFTBT device efficiency target was estimated to be around 0.75 – 1.0%. During
the testing and build phases of this experiment, neither of the target ranges were met. Devices
made up of the PFTBT block copolymer had efficiencies around 0.25%, whereas devices with the
PFTBT polymer blend had difficulty reaching an efficiency above zero. On the following page,
Figures 3-1 through 3-4 show a side by side comparison of every device made against the
previously mentioned, measurable criteria of efficiency, JSC, VOC, and FF.
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Figure 3-1. Device Comparison of Maximum
Efficiencies

Figure 3-2. Device Comparison of Short-Circuit
Current

Figure 3-4. Device Comparison of Open-Circuit
Voltage

Figure 3-3. Device Comparison of Fill Factor

Discussion
To construct an explanation as to why the active layers that were made with PFTBT (a
material with so much supposed potential in organic photovoltaic devices) failed in application, a
deeper look into the solution preparation needs to be examined. Chloroform was needed to dissolve
the solid polymer particles in solution. However, chloroform is a volatile liquid. With this in mind,
extra care was taken when sealing up the solution vials (with parafilm and aluminum foil) to help
prevent the loss of chloroform due to evaporation when the solution was stirred and heated
overnight. However, it is almost inevitable that significant amounts of chloroform will evaporate,
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which may skew the concentration of the remaining solution. Additionally, since PFTBT is a much
scarcer resource than PCBM, the number of successful trials was far less than desirable due to the
lack of availability.
After careful consideration of the aforementioned results, significant potential remains
concerning PFTBT active layer usage. Published literature on the successes of PFTBT device
blends and block copolymers do exist and are becoming more prevalent. Although, the exact
results of this experiment did not come close to those reported by Changhe Guo and his research
team, (their results are shown below in Tables 3-1 and 3-2) there is much hope and promise for
the future use of non-fullerene based electron acceptors within the active layer of organic solar cell
devices.18
Table 3-1. Device Characteristics of P3HT/PFTBT Blend and P3HT-b-PFTBT Block Copolymer Solar Cells
at Different Annealing Conditions18
Efficiency (%)

Short-circuit current
(mA/cm2)

Open-circuit
voltage (V)

Fill factor

100 °C 20 min
polymer blend

1.0 ± 0.1

2.6 ± 0.3

1.22 ± 0.02

0.33 ± 0.02

165 °C 10 min
polymer blend

0.5 ± 0.1

1.0 ± 0.1

1.16 ± 0.03

0.42 ± 0.02

100 °C 20 min
polymer blend

1.5 ± 0.1

3.7 ± 0.2

1.13 ± 0.04

0.35 ± 0.01

100 °C 90 min
polymer blend

1.7 ± 0.1

4.1 ± 0.1

1.14 ± 0.02

0.35 ± 0.01

165 °C 10 min
polymer blend

2.7 ± 0.4

5.0 ± 0.3

1.14 ± 0.08

0.45 ± 0.02

Table 3-2. Device Characteristics of P3HT/PFTBT Blend and P3HT-b-PFTBT Block Copolymer Solar Cells
with Highest Efficiencies18
Efficiency (%)

Short-circuit current
(mA/cm2)

Open-circuit
voltage (V)

Fill factor

Best device,
block copolymer

3.1

5.2

1.23

0.47

Best device,
blend polymer

1.1

2.9

1.22

0.30

18

Chapter 4
Conclusions and Future Work
Conclusions
These experiments do not provide definitive results of the potential for non-fullerene-based
electron acceptors to improve solar cell efficiency. Specifically, the results of the non-fullerene
polymer blend and block copolymer experiments turned out to underperform in the areas of open
circuit voltage and short circuit current density when compared to the literature results of Changhe
Guo and his research team. Since the efficiency of solar cells are made up of open circuit voltage
(VOC), short circuit current density (JSC), and fill factor, improvements to the device as a whole
must lie within advancements to at least one of those areas. Results show that when active layers
are made up of materials that minimize the energy difference in their band gap and LUMO levels,
that efficiencies of up to 10% are theoretically possible.19 It ultimately comes down to the
optimization of low band gap polymers, new electron accepting materials, or even tandem solar
cells that use multiple layers of different band gaps.

Future Work
Modifications to the film quality or the electro-material ingredients are necessary in the
investigation of high performing solar devices. Creating the most efficient scheme of tandem
micro-molecular components within the active layer structure requires the optimization of many
variables. This design requires collaborative expertise in macromolecular chemistry, photophysics,
and thin film fabrication, and could transform the role of solar cells in the global energy market.
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Appendix A
Raw Experimental Data

Table A-1. Summary of P3HT/PCBM Device Performance
Type

P3HT/PCBM

# Devices
Made

14

Ratio

1:1

Conc.
(mg/mL)

20

Solvent

Chlorobenzene

Average

STDEV

Max eff (%)

2.405

0.0981

2.570

2.270

2

7.762

0.3319

8.230

7.290

-0.592

0.0065

-0.578

-0.600

0.517

0.0192

0.561

0.501

JSC (mA/cm )
VOC (V)
FF

Max

Min

Table A-2. Summary of PTB7/PCBM Device Performance
Type

PTB7/PCBM

# Devices
Made

22

Ratio

1:1

Conc.
(mg/mL)

25

Solvent

Chlorobenzene
Diooctane

Average

STDEV

Max eff (%)

3.239

0.1712

3.410

3.000

JSC (mA/cm2)

11.931

0.3419

12.300

11.380

VOC (V)

-0.561

0.0294

-0.502

-0.590

0.474

0.0258

0.527

0.450

FF

Max

Min

20

Table A-3. Summary of P3HT/PFTBT Device Performance
Type

P3HT/PFTBT

# Devices
Made

8

Ratio

1:2

Conc.
(mg/mL)

15

Solvent

Chloroform

Average

STDEV

Max eff (%)

0.014

0.0032

0.018

0.011

JSC (mA/cm2)

0.419

0.0339

0.453

0.385

-0.059

0.0008

-0.058

-0.060

0.505

0.0213

0.526

0.483

VOC (V)
FF

Max

Min

Table A-4. Summary of P3HT-b-PFTBT Device Performance
Type

P3HT-bPFTBT

# Devices
Made

12

Ratio

N/A

Conc.
(mg/mL)

5

Solvent

Chloroform

Average

STDEV

Max eff (%)

0.249

0.0135

0.267

0.236

JSC (mA/cm2)

2.020

0.1988

2.190

1.760

-0.388

0.0287

-0.350

-0.410

0.317

0.0113

0.330

0.305

VOC (V)
FF

Max

Min
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Figure_Apx
0-1 A-1. Raw Data Capture of P3HT/PCBM Dark Analysis
Figure

Figure A-2. Raw Data Capture of P3HT/PCBM Light Analysis
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Figure A-3. Raw Data Capture of PTB7/PCBM Dark Analysis

Figure A-4. Raw Data Capture of PTB7/PCBM Light Analysis
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Figure A-5. Raw Data Capture of P3HT/PFTBT Dark Analysis

Figure A-6. Raw Data Capture of P3HT/PFTBT Light Analysis
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Figure A-7. Raw Data Capture of P3HT-b-PFTBT Dark Analysis

Figure A-8. Raw Data Capture of P3HT-b-PFTBT Light Analysis
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