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Abstract

Organic photovoltaic devices consist of materials that are cheap, flexible, and
easy to process, yet typically low in efficiency. A primary method of im-
proving the efficiencies of these devices is to mix of the active layers of the
device into a single solution, forming a bulk heterojunction when deposited.
This method is easier to accomplish than depositing each layer separately,
and increases the surface area of the interface between the materials while
decreasing the distance required for an exciton to travel before disassociat-
ing across the heterojunction, contributing to an increase in device efficiency.
However, some drawbacks of this design include limited control over nanoscale
features in the device, and the increase in interfacial recombination and leak-
age currents leading to lower open circuit voltage. We present an alternative
to the bulk heterojunction device structure by demonstrating the success of a
recently developed method of depositing solution processed molecular materi-
als. Our method employs stamping of the electron acceptor layer, [6,6]-penyl-
C61-butyric-acid-methyl-ester (PCBM), on top of a spin-coated hole acceptor
layer, poly(3-hexylthiophene-2,5-diyl) (P3HT). This fabrication process results
in a planar heterojunction geometry. Solar cells fabricated in this way have
a smaller donor-acceptor interfacial area for exciton dissociation, but better
defined pathways for charge collection, potentially resulting in decreased short
circuit current but improved shunt resistance. Additionally, these cells are
better suited for fundamental studies of organic-organic interfaces, because of
the inherent control over the thickness and concentration of each organic layer.

3



We analyze the morphology of the active layers in our device through the use of
an atomic force microscope and find the film’s RMS roughness to be 15.1nm.
We conclude that the roughness of the P3HT surface should contribute to
a large contact area between the P3HT and PCBM films, and possibly a
mixed layer of material in the interface between the two layers. We present
the current-voltage characteristics of our bi-layer devices and compare their
performance to bulk heterojunction devices fabricated within the same lab-
oratory conditions. Our highest efficiency P3HT:PCBM bulk heterojunction
devices have JSC=5.5mA with VOC=0.35V and FF=0.07, while our most effi-
cient P3HT/PCBM planar heterojunction devices have JSC = 3.45x10−3mA,
VOC=0.1V and FF=0.021. These results demonstrate great promise for our
laboratory, which has only just begun to fabricate bulk heterojunction devices,
and is now generating new devices with cutting-edge fabrication techniques.
We compare our results to an analytical model for bi-layer devices based on
the diffusion equation for exciton generation and the drift-diffusion equations
for charge transport within the device. This model shows good agreement
with experiments. Additionally, we ran monte carlo simulations for charge
generation and transport in the organic materials and analyzed the results of
these simulations. Our analysis found physical inconsistencies in these sim-
ulations, and further work will be necessary to understand the errors in this
model before it can be compared to our experimental results.

Thesis Supervisor: Alexi C. Arango
Title: Assistant Professor of Physics
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Chapter 1

Introduction

This chapter will introduce the reader to solar cells through a brief history of

their development and a report of the current state of research today. These

electronic devices have recently received intense research attention due to the

current global energy crisis and movement towards renewable energy sources.

The energy output of the sun is enormous; its power utilized by almost all forms

of life on Earth. The sun is the greatest source of energy in our environment,

hitting earth with over three times as much energy in one day than all of our

natural resources combined could muster [1].

When humans can employ earth-abundant materials to harvest this energy

for our own purposes, we will have the ability to satisfy our current energy

demands indefinitely. This chapter will cover a brief history of the discov-

ery of the photovoltaic effect, invention of the solar cell, and subsequent re-

cent developments. We will describe our work, which concentrates on organic

photovoltaic devices, solar cells made from organic semiconducting materials.

These materials have the advantage of low cost, labor saving manufacturing

requirements, and ease of installment in comparison to inorganic crystalline

solar cells.

In this thesis we discuss the physics of organic photovoltaics, how it differs
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from conventional semiconductors, and the limitations that these physical pro-

cesses impose upon photovoltaic devices. We then explain the procedure for

fabricating both bulk heterojunction and planar heterojunction organic solar

cells in our lab. We present the experimental results of our devices and com-

pare the performance of our devices with simulations. Finally, we conclude

with suggestions for future work built upon the research conducted in this

thesis.

1.1 A Brief History of Solar Cells

The photovoltaic effect was first discovered in 1839 by Edmund Becquerel. He

observed that light on a silver coated platinum electrode immersed in elec-

trolyte produced an electric current [2]. Forty years later, in 1876, William

Adams and Richard Day began exploiting the photovoltaic properties of sele-

nium by using two heated platinum contacts and supplying light to produce

a current. Charles Fritt fabricated the first large area solar cell in 1894, by

using a layer of selenium pressed between gold and another metal. Later, cells

were made from copper-copper oxide thin films, lead sulphide, and thallium

sulphide. However, scientists at the time were more interested in the photo-

conductivity of these materials rather than their photovoltaic properties. Real

developments in photovoltaics did not come until the 1950’s, when develop-

ments in silicon for solid state electronics allowed scientists to design a p-n

junction that could convert sunlight much more efficiently [2].

The first silicon solar cell was reported in 1954 with an efficiency of 6

percent, six times higher than previous attempts. Efficiencies rose significantly

over the next decade, although manufacturing costs remained prohibitively

high. However, one cost effective use for these devices was space exploration.

Consequently, silicon solar cells were widely developed in the 1950s and 60s
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for space applications [2].

Silicon remains the foremost photovoltaic material, primarily due to the

advances in silicon technology made by the microelectronics industry. However

silicon photovoltaics are reaching their fundamental limit in cost-efficiency

trade off, and scientists are investigating new materials to meet the demand

for cheaper solar alternatives.

1.2 An Alternative to Silicon: Plastic Solar

Cells

Currently, interest in polymer solar cells has skyrocketed due to the hope that

these materials will offer a better, cheaper alternative to silicon. The science

of polymer processing is very well developed, and researchers have suggested

that one day photovoltaic devices could be manufactured using roll-to-roll

processing techniques to print large sheets of inexpensive, flexible, devices.

However, organic photovoltaics still have a long way to go to compete with

their silicon counterparts. Commercialized silicon photovoltaics currently have

efficiency levels around 25%, while the very best laboratory processed organic

devices have maximum efficiencies of around 10%. This dramatic decrease in

organic efficiency stems from the physics of organic materials.

In 1959, Kallmann and Pope first observed the photovoltaic effect in an

organic material: a single crystal of anthracene. When sandwiched between

two identical electrodes and illuminated from one side, electrons could be har-

vested. Kallmann postulated that different exciton dissociation mechanisms

must occur at the light and dark electrodes [3]. This study did not directly

lead to the invention of the organic solar cell, however, because the physics of

photogeneration was not fully understood, and the device architectures limited

the efficiency levels of these organic photovoltages to less than 0.1%. In 1986,
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a major breakthrough occurred when Tang discovered that bringing a donor

and acceptor layer together in one cell dramatically increased efficiencies to

levels near 1% [4]. This led to further investigation into the operation of these

now promising devices.

The physics behind unconventional amorphous semiconductors is funda-

mentally different from that of inorganic crystalline semiconductors. In in-

organic photovoltaics (IPVs), electron-hole pairs are generated immediately

upon light absorption throughout the bulk [5]. In contrast, light absorption

in organic photovoltaics (OPVs) typically results in the production of bound,

but somewhat mobile, excited states. These semi-mobile states must travel

throughout the material (via diffusion) until reaching a heterojunction. A

heterojunction is the junction between two materials: the ”active layers” in

the device. Here the exciton can disassociate into an electron and a hole. One

side of the junction holds a ”p-type” semiconductor that will readily accept

an electron, and the other has an ”n-type” semiconductor to accept the hole.

Thus the heterojunction acts as a charge separation device. However, the

device can only produce charges when excitons physically reach the junction.

This process puts several fundamental limits on heterojunction organic

photovoltaic devices. One limitation is the relatively short distance than an

exciton can diffuse before recombining compared to the characteristic length

required to absorb a significant amount of light. The exciton diffusion length

in typical molecular materials is a few tens of nanometers. Therefore only the

excitons generated in the ten nanometers next to the heterojunction can con-

tribute to the photocurrent. However, even though organic materials typically

have better absorption than crystalline semiconductors, hundreds of nanome-

ters are still required for good optical absorption depth [2]. This problem is

typically handled using the method of a bulk heterojunction. The two materi-

als (p-type and n-type) are mixed together in solution. Generally, this solution
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is then deposited via spin-coating or drop-casting. The first bulk heterojunc-

tion organic solar cells were reported by Yu, et al, in 1995 [6]. To date, bulk

heterojunctions are the most successful method of fabricating organic photo-

voltaic devices [7]. Figure 1-1 illustrates the difference between a planar and

bulk heterojunction device geometry.

Diffusion region

Planar 
Heterojunction

Bulk 
Heterojunction

Figure 1-1: Illustration of the difference between planar and bulk heterojunc-
tions

1.3 Advantages and Limitations of Bulk Het-

erojunctions

Much work has been done to optimize the efficiency of bulk heterojunction

devices. An important characteristic is the morphology of the structure. Many

studies have shown a correlation between morphology and efficiency in bulk

heterojunction devices [7]. The uniformity of the heterojunction is influenced

by many factors, including: the vapor pressure of the solvent [8, 9, 10], the rate

of solvent removal [11, 12], the volume fractions of the components [9, 13, 14],

the use of chemical additives [15], thermal annealing treatments [16], and

solvent annealing [17].

Although the bulk heterojunction has produced the highest efficiency rates

to date, its performance is intrinsically limited by some significant physical
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constraints. Since the solution is processed in one simple step, it is difficult

to control the formation of the interconnected pathways within the materials

required for efficient and selective charge carrier transport to the appropriate

collection electrodes. This inability to control the device’s nanoscale properties

can lead to increased losses in efficiency through charge carrier recombination

and increased leakage current.

Because of these limitations, planar heterojunctions may offer a better

alternative for fundamental studies because of the intrinsic control over the

concentration and thickness of each layer. The option of synthesizing each

layer independently means that growth parameters can be adjusted to op-

timize the efficiency of each layer. While bulk heterojunction photovoltaics

have received a large amount of research attention in recent years, planar het-

erojunctions have been largely neglected due to the difficulty of successively

depositing organic materials, combined with the widely held opinion that bulk

heterojunctions offer unconditionally higher efficiencies. Although planar het-

erojunctions may not currently yield record setting efficiency levels, studying

these devices will certainly allow us to better understand the organic-organic

interface, ultimately allowing researchers to design solar cells that could com-

bine the desirable properties of both the bulk and planar heterojunctions with

new innovative device structures.

1.4 Our Work

In this thesis, we present an alternative to the bulk heterojunction device

structure by demonstrating the success of a recently developed method of

depositing successive layers of solution processed molecular materials. Our

method employs stamping the electron acceptor layer, [6,6]-penyl-C61-butyric-

acid-methyl-ester (PCBM), on top of a spin-coated hole acceptor layer, poly(3-
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hexylthiophene-2,5-diyl) (P3HT). This fabrication process results in a planar

heterojunction geometry. We successively experiment with variations in film

thicknesses and seek to understand the physics of the heterojunction by testing

the current-voltage properties of the devices.

We present our experimental results for P3HT/PCBM photovoltaic devices

with both planar and bulk heterojunctions fabricated in our lab at Mount

Holyoke College. We examine the properties of our devices by imaging the

active layers with both an optical microscope and an atomic force microscope.

We then present the device current-voltage characteristics for multiple device

structures. The current-voltage characteristics of our planar heterojunction

devices, while less efficient than their bulk heterojunction counterparts, of-

fer an amazing result for the first attempt at a new device structure in our

laboratory.

Organic materials behave differently than inorganics, and often the con-

ventional equations for charge movement do not apply. We review the as-

sumptions used to derive the equations for charge generation and transport

in semiconductors and present a simplified analytical model for the operation

of an organic solar cell. Our understanding must be fundamentally limited

because of the approximations adopted. We utilize a modeling tool developed

by Biswajit Ray, et. al at Purdue University and the Universidad Los Andes

[18]. This model simulates the IV characteristics of a P3HT/PCBM bi-layer

device through a four step charge generation process. The tool models a bi-

layer device with a diffuse region of P3HT:PCBM in a 1 nm region at the

heterojunction. Although the typical surface roughness of actual organic films

mandates that this ideal scenario many not be practical, the simulation does

give a general guideline for the efficiencies we can theoretically hope to achieve

with our stamped devices.

To explore the physics of our devices in a more insightful way, we ran an
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adapted Monte Carlo simulation that describes electrons and holes in the de-

vice as polarons, quasi particles that contain both a charge and the lattice

disruptions that travel with the charge throughout the material. This de-

scription offers a more accurate representation of charge transport in organic

materials because it can account for the energy interactions within the mate-

rial. However, our analysis of the results of this model showed some serious

discrepancy in the physical properties of the model. Because of this, we cannot

compare the results of this model to our experimental results.

1.5 The Importance of the Heterojunction: A

Fundamental Limitation on Efficiency

Many researchers agree that one of the fundamental limits to OPV efficiency

is a tradeoff between open circuit voltage(VOC) and short circuit current(ISC)

[19]. The output of the device is proportional to both VOC and ISC , and will

be limited by a low contribution from either quantity. These quantities are

defined as follows:

Open Circuit Voltage (VOC): The maximum voltage produced by the de-

vice when no load is attached [20].

Short Circuit Current (ISC): The current that flows from the circuit to

ground when the output is shorted to ground.[20]

Together, the open circuit voltage and the short circuit current determine the

power output for a device. Determining the origin of these quantities and

possible connection to each other is crucial to maximizing efficiency. The

conventional understanding of the relationship between VOC and ISC is shown

by the image in Figure 1-2 illustrating two devices with material combinations

of differing energy bandgaps. The energy level offset between the highest
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Figure 1-2: Energy diagram illustration of the tradeoff between open circuit
voltage and short circuit current.

occupied molecular orbital (HOMO) in the donor material and the lowest un-

occupied molecular orbital(LUMO) in the acceptor material is called the inter-

facial bandgap or the HOMO-LUMO offset. A device with a small interfacial

bandgap is expected to produce a large ISC because a photo-excited electron

at the heterojunction experiences a larger driving force across the junction.

However the size of the interfacial gap dictates that VOC will be low for this

system. Conversely, a donor-acceptor heterojunction with a large interfacial

gap is expected to produce a low ISC and high VOC . If this model is correct,

the tradeoff will ultimately limit the maximum efficiency that OPVs can reach.

However in recent years, several studies have demonstrated VOC values that

break the upper bounds of this model [21, 10, 22]. These results are exciting,

and demand a new explanation of the physics underlying open circuit voltage

values in OPVs. In 2009, Vandewal et. al. published a report calculating the

VOC for fullerene polymer solar cells without directly relying on the optical

bandgap of the materials or the devices HOMO-LUMO offset [23]. The paper

instead demonstrates a relationship between VOC and the interfacial emission

rate. Emission at the interface detracts from the efficiency of the cell, and

Vandewal’s work suggests that quenching this emission could directly increase
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VOC , allowing scientists to design a cell that maximizes both VOC and ISC .

Discovering how to do this would transform organic photovoltaics and open

the door to commercial viability for this exciting new technology. Our work

studies the physics at this critical junction in order to better understand how

to design devices that suppress recombination, leading to higher open circuit

voltages.

1.6 Previous Work

Although the stamping method of depositing active semiconductor layers was

recently adapted for use in organic photovoltaics, several other research groups

have used this method to attempt to make planar heterojunction devices. In

2008, Yim et. al. fabricated bi-layer P3HT/PCBM devices with a stamping

procedure that employed the use of a sacrificial intermediate layer and only

used the PDMS stamp for transfer from the original substrate to the P3HT

film [24]. These authors found that the bilayer devices produced short circuit

currents and open circuit voltages comparable to their bulk heterojunction

counterparts. They studied a range of thicknesses, with the most successful

device made from a ratio of 70nm P3HT/70nm PCBM. According to their re-

port, they did not anneal their devices, but still achieved power conversion effi-

ciencies near 1.7% with a reported short circuit current density of 7.6mA/cm2

and VOC of 0.6V. However, the fill factor of their devices was low, with the

IV curve demonstrating high series resistance and high leakage currents. Also

in 2008, Ferenczi et. al. performed a direct transfer printing process to fab-

ricate P3HT/PCBM bilayer devices that yielded significantly lower efficiency

levels for unannealled devices (JSC=0.6mA/cm2, VOC=0.25V, power conver-

sion efficiency of 0.05%) [25]. However, after thermal annealment treatments

these efficiencies dramatically increased (JSC=4.5mA/cm2, VOC=0.7V). In the
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paper, the authors attribute this increase in efficiency to intermixing of the

layers of P3HT and PCBM. They also note that the total thickness of their

devices decreased after annealing, indicating that better contact between the

layers of the device after annealing treatments could also be leading to higher

efficiencies.

Interestingly, the results of Yim et al. contradict the widely held theory

that excitons can only diffuse within a region of approximately 20 nanometers

of depth, requiring the use of a bulk heterojunction. Yim’s results invalidate

the bulk heterojunction requirement and suggest that some new physics is re-

quired to explain his results. In response, Wang et. al published a study in

2010 investigating the morphology of stamp transfer fabricated devices [26].

These researchers used Auger spectroscopy to study devices made in this man-

ner and found that the PCBM top layer was unexpectedly well blended with

the P3HT bottom layer. According to this work, the supposed reason for

this mixing effect was residual solvent on the P3HT film surface when the

PCBM film was transfered. Wang concluded that the method of stamp trans-

fer printing could be used as a procedure for preparing concentration graded

bulk heterojunction films.

Another notable study about bilayer devices was by Ayzner et. al., in

2009. This group used orthogonal solvents for P3HT and PCBM to succes-

sively spin-coat the active layers of the device [27]. The group found similar

enhancements to efficiency levels after thermal annealment treatments as Fer-

enczi et. al. Interestingly, the optimal ratio found between P3HT and PCBM

layer thickness by this group was 4:1, a dramatic difference from the results

of Yim et. al. In 2010, Casalegno et. al. published a report of a Monte-

Carlo course grained simulation that suggests an alternative solution to the

high efficiencies found by Yim and Ayzner [28]. According to Casalegno, the

exciton diffusion length of the P3HT may be higher than previously thought.
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This would concur with result by Ayzner indicating that the most important

property of the device is the ratio of the thicknesses of active layers, and not

merely the raw thicknesses of the layers.

As a result of this controversy, there is still much work needed to verify

which solution, if any, is the correct explanation of the unexpectedly high

efficiencies found in planar devices by a number of researchers. We have

attempted the fabrication and simulation of a planar heterojunction device

structure with the goal of extracting a better picture of the physics that is

happening inside these devices.

1.7 Conclusion

In the next chapter, we present the basic theory behind charge generation and

movement in organic materials, and the device physics of organic photovoltaics.

We derive analytical expressions for the primary contributing mechanisms of

operation in solar cells. The chapter concludes with a detailed summary of the

desirable attributes in an ideal organic photovoltaic device. In chapter 3, we

cover the fabrication methods employed to make our devices. We explain some

of the challenges of working with organic thin films and present a summary of

our work with these materials.

Chapter 4 contains the measured current-voltage characteristics of our bulk

heterojunction and planar bi-layer devices, and a comparison of these results

with simulations. The current-voltage plots are displayed, and we point out

the key regions of interest and how these relate to the physics at the hetero-

junction of our devices. We next present the results of our analytical simula-

tions for bi layer devices. These simulations demonstrate where the theoretical

charge transport mechanisms limit the generation of photocurrent in the bi-

layer device structure, particularly when the active layer of P3HT is thicker
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than the exciton diffusion length used in the model. We use this model to

further analyze the results of our experiments. Next, we present the results of

a molecular scale monte carlo simulation for charge movement within organic

materials. We perform a preliminary analysis on the results of this model, and

find physical inconsistencies that prevent us from comparing these results to

our experimental work.

In the final chapter, we summarize the findings of this thesis, and present

plans for future work built upon the results outlined here.
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Chapter 2

Device Physics

This chapter explains the physical quantities and basic physical processes re-

sponsible for converting sunlight into electrical power. In the previous chapter

we explained the open-circuit voltage and short circuit current, and how these

quantities determine the power output for a device. In general, the efficiency

at which solar cells convert light into electricity can be described by five inde-

pendent quantities that depend on both the material properties and the device

physics of operation. These are: the absorption of the active layer, the effi-

ciency of photon to electron conversion, the bandgap Eg of the active absorbing

material(s), the maximum voltage generated by a device, and the internal re-

sistive properties of the device. These fundamental properties are discussed

and the processes underlying them are explained. We then conclude with the

fundamental limits that apply to the efficiency of solar cells and suggest the

ideal solar cell to optimize all of the constraints in the system.

2.1 Photon Absorption

When photons of a given energy contact the active material, they interact with

molecules of that material over a distance x with a probability A0. This means
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that the Intensity I0 of the light in the material then must decrease by a factor

of (1−A0) as it passes through the first layer of molecules, and then again by

the same factor as it passes through the next layer, and so on throughout the

device. The total Intensity then, can be written as a function of position:

I(x) = I0(1 − A0)
x

∆x (2.1)

where x = (i)×∆x and ∆x is the thickness of the ith layer of molecules. This

expression can be re-written as

I(x) = Ie−αx (2.2)

where

α =
−ln(1 − A0)

∆x

This gives us the quantity α, an intrinsic property of the material. Since

more photons are absorbed with increasing thickness, the ideal thickness of the

active layer will be such that a significant portion of the photons are absorbed.

A notable advantage to molecular materials is that they typically have much

higher absorption coefficients than materials with long range order, such as

crystalline semiconductors. This means that photovoltaic devices made from

organics can be much thinner than their silicon counterparts, and still absorb a

significant fraction of the incident light. Figure 2-1 illustrates the effect of the

thickness of a film on the amount of photons reaching the edge of a material.

In general, thicknesses should be on the order of 1/α, which is sufficient to

absorb 63 percent of incident photons [21].
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Figure 2-1: Illustration of the effect of the thickness of a material on the
amount of photons penetrating the material Is represents the intensity of the
incident light, (1-R)Is the reflected light, and the black curve the intensity of
light in the material.

2.2 Efficient Photon to Electron Conversion

When a photon is absorbed by the material, it generates an electron-hole pair,

called an exciton, which can potentially dissociate at the heterojunction of the

two active layers of the material and generate free carriers that travel to the

electrodes, producing photocurrent. Figure 2-2 illustrates the basic structure

and fundamental process of a solar cell. This entire process can be quantified

Figure 2-2: Cross section of a solar cell showing an electron hole pair generated
at the interface and subsequent movement to the anode/cathode of the device

by an expression called the Quantum Efficiency.
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External Quantum Efficiency (EQE): The probability that one photon

at a single energy level produces one electron that arrives at the elec-

trodes of the device

Mathematically this is described as:

EQE(E) =
Generated electrons

Incident photons@Ek
(2.3)

This quantity depends on many different factors, and particularly can be bro-

ken into both the absorption of the device, and the rate at which absorbed

carriers are converted into electrons. This last quantity is given a special title:

Internal Quantum Efficiency (IQE): The probability that one absorbed

photon produces one electron arriving at the electrodes of the device.

We can write this as:

IQE(E) =
Generated electrons

Absorbed photons@E
(2.4)

So that EQE can be now rewritten as:

EQE(E) = IQE x Absorption@Ev (2.5)

EQE can theoretically reach 100 percent, but factors such as reflection, ab-

sorption, and transport losses typically lower this conversion to around 80

percent.

In order for one photon of light to produce one electron at the electrodes of

the device, there are four key process that it must undergo. These processes

are illustrated in Figure 2-3. The first process is the absorption of a photon in

the material, generating a bound electron hole pair, an exciton. The second

step is the movement of the exciton to the heterojunction of the two active
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Figure 2-3: Illustration of charge generation and transfer processes in an or-
ganic solar cell: (1) Exciton generation (2) Exciton movement across the de-
vice (3) Exciton dissociation into an electron and a hole (4) Charge movement
across the device to the electrodes

layers in the material. This process is governed by exciton diffusion which will

we further study in section 2.2. When the exciton reaches the heterojunction,

the third process is the dissociation of the electron-hole pair across the inter-

face. Either the electron or the hole will charge transfer across the interface

depending on the energy level alignment of the two materials. The resulting

pair is still bound across the interface, however this bond is much weaker. The

electron and hole pair separates and free carriers are formed. The final pro-

cess is the movement of the free carriers (separated electrons and holes) across

the material to the electrodes. The processes relevant to IQE will now be

discussed, beginning with exciton movement after the initial photoexcitation.

2.3 Exciton Movement

Many researchers have studied the specifics of how excitons build up and

move throughout a film of organic materials [29]. The motion is governed by

several key parameters. Each specific material has a unique exciton diffusion
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Figure 2-4: Charge generation process via the production of excitons for or-
ganic solar cells

length, the length that a single exciton can travel before being re-absorbed

into the bulk. This parameter can be determined experimentally, and we can

generally determine the rate at which this process should occur theoretically

as well. Figure 2-4 illustrates the process by which charge is generated for

excitonic solar cells. The theoretical treatment of this process follows from the

understanding of an exciton as a charge neutral species, capable of movement

between molecular sites independent of most external electric fields [21]. There

are two important physical processes that account for the movement of this

exciton through the bulk. The first is direct charge transfer, called Dexter

transfer. This rate of charge transfer can be specified by the wavefunction

overlap of the two molecules. The expression for this is just:

r = r0e
γ∆x (2.6)
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With r0 the wavefunction overlap, γ the fall off of the overlap with distance

and ∆x the distance between states. This clearly can only take place at very

small length scales, where the wavefunction overlap term is large. The second

method of exciton movement is called Forster transfer, and describes long

range energy coupling. This transfer rate is described by:

r =
1

τrad
(
RF

∆x
)6 (2.7)

The key term is RF , the Forster radius, which is typically on the order of

3-8nm for most molecular systems [21]. τrad is the radiative lifetime of the

exciton.

These two equations are the basis for describing charge pair movement

in molecular semiconducting films. Some groups have investigated further

by modeling energetic states in molecular systems, disordered arrangement of

molecules in a film, and inhomogeneity in molecular scale polarization [29, 30].

As stated earlier, excitons have no net charge and their movement is strictly

determined by these rate equations which depend only on spatial location. The

important factor in determining how likely excitons are to move towards the

separating interface is the concentration gradient of the excitons in the ma-

terial. Once this distribution is known, we can calculate how many excitons

ultimately reach the heterojunction in the device and thus determine the in-

ternal quantum efficiency. We neglect exciton-exciton interactions since these

interactions can be shown to be negligible for solar intensity levels [21].

The description of this carrier concentration is the steady state exciton

diffusion equation, given by:

0 = LED
d2pj
dx2

− pj + τGj (2.8)

Where pj is the number of excitons, LED is the exciton diffusion length for
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the material, τ the exciton lifetime and G the generation rate for excitons

[21]. This equation can be solved independently for varying film thicknesses

to understand the carrier concentration dependence upon device thickness.

To harvest the greatest number of excitons, the ideal material thickness is

typically on the order of the diffusion length of the material, LED. The actual

solution of the carrier concentration at this thickness can often become difficult

to solve, because of additional constraints. This has lead to much theoretical

work done utilizing Monte Carlo modeling to describe the exact distribution

[29, 31].

2.4 Movement of Free Carriers

Once free electrons and holes have been generated at the interface, they must

travel across the two separate materials (n-type and p-type respectively) to

reach the electrodes. This movement can be approximated by the well under-

stood transport equations used in crystalline semiconductors [2].

dE

dx
=
q

ε
(p− n) (Gauss′ Law) (2.9)

Je = qnµeE + qDe
dn

dx
(Electron current equation) (2.10)

dn

dt
= G−R +

1

q

dJe
dx

(Electron continuity equation) (2.11)

Since electrons have charge, the electric field in the device will now contribute

to the movement, this is the first term in the electron current equation and

is called the drift current. The equations must also account for diffusion, this

is the second term in the electron current equation. Together the expression

is called the drift-diffusion equation. Since these equations were initially de-

rived for use in crystalline semiconductors, it is worthwhile to look at the
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assumptions that they are based on and consider if exceptions must be made

for molecular materials. These are [2],

• Electron and hole concentrations independently form in a thermal equi-

librium and have a characteristic Fermi level and temperature

This is one of the defining properties of crystalline semiconductors, however

low-mobility materials will deviate from this due to the long time scale of

carrier interactions between molecules in the bulk. The time frame for the

Fermi level of the electrons in one side of the material to reach equilibrium

with the Fermi level of the molecules at the other side of the device might be

large.

• Electron and hole temperatures are always the same as the lattice tem-

perature

This will fail when electrons or holes gain extra kinetic energy; for example

through acceleration through high electric fields or, in our case, when the

bound electron-hole pair moves across the heterojunction. This dictates that

the drift-diffusion equations do not apply to charge movement at the hetero-

junction.

• Interactions with the lattice are more frequent than generation, recom-

bination or trapping events. This dictates the relaxation time approxi-

mation used in the expression.

This is still a reasonable approximation for organic molecules, however does

not hold at an abrupt boundary between two different semiconductors, in our

case the heterojunction.

• Electron and hole states can be described by a quantum number K

This assumption does fail for amorphous materials. The consequence is that

carrier mobilities cannot be rigorously determined by traditional methods.
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However empirical expressions for mobilities can be used instead. Typically

carrier mobilities for molecular materials will be much lower than those for

crystalline semiconductors

• The Boltzmann approximation (Ec − EFn >> kBT and EFp − Ev >>

kBT )

This assumption only fails for degenerate semiconductors, which are so highly

doped that they begin to behave like metals. This is not an issue for molecular

materials.

• Compositional invariance

This assumption greatly simplifies the equations by assuming that there is

only one electrostatic field present in the material. For the purposes of the

calculations in this thesis, we will maintain this assumption, although it is

almost certainly not actually the case because molecular level electrostatic

interactions are involved in charge transfer.

Now that we have established the legitimate application of the drift-diffusion

equations for molecular materials, we can examine how these equations dictate

device performance.

Several studies have been done to experimentally determine whether the

drift or diffusion term will dominate for different device structures. Ramsdale

et al. measured VOC in a polymer bi-layer device for a range of cathode and

anode work functions, which would vary the electric field within the device

significantly, and thus the contribution to current from the drift term, and

found that the total collection of electrons at the electrodes did not change

significantly, indicating that diffusion dominated [32]. For bulk heterojunc-

tions, Mihailetchi et al. observed that the photocurrent did decrease when the

work function offset was changed, but this change in offset was much smaller

than expected from a purely drift driven offset [33]. These studies indicate
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that the diffusion term plays a larger role than the drift term for molecular

semiconductors.

The studies by Ramsdale on bi-layer device charge transport indicate a

purely diffusion driven current, and the studies by Mihailetchi demonstrate

a similarly diffusion driven current but with some contribution from the drift

term. This highlights an important difference between planar and bulk hetero-

junction charge transport. Diffusion plays a much larger role in planar hetero-

junctions than in bulk heterojunctions, therefore free carrier charge transport

is yet another variable that changes significantly when the heterojunction ge-

ometry is altered.

2.5 Impact of the Semiconductor’s Bandgap

The bandgap Eg of the active layer semiconductor(s) controls two important

factors in the solar cell: the part of the solar spectrum absorbed (directly), and

the open circuit voltage (indirectly). Incident photons at a lower energy level

than the semiconductor’s optical bandgap will be unable to generate excitons.

However, photons whose energy level is greater than that of the energy level

bandgap of the material will waste all of their excess energy through thermal

relaxation. An absorbed photon whose energy level is E >> Eg will generate

the same exciton that a photon with energy E = Eg. In this way, photogen-

eration is determined not by photon energy density but by incident photon

flux. Clearly the optimal bandgap should not be either too high or too low.

In 1980, Henry calculated the theoretical optimal bandgap for a solar cell op-

erating under typical solar illumination [34]. He calculated the total number

of photons with energy levels above Eg by integrating over the solar spectrum

curve, which is roughly a blackbody curve with peak radiation at 5777◦C. He

then found the energy produced by any solar cell at a given bandgap by mul-
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tiplying this number by (Eg - 0.4eV). The 0.4eV is subtracted due to thermal

excitations set by temperature. The bandgap that will generate the maximal

energy found in this way is 1.4eV [34]. As a result, most materials studied for

solar cell applications have a bandgap in this range. The bandgap for P3HT

is 2eV and PCBM is 2.4eV.

2.6 Open-Circuit Voltage

The energy level bandgap of the active layer semiconductors also contributes to

the open circuit voltage generation in a solar cell. There has been considerable

debate on the origin of open circuit voltage in molecular photovoltaic systems,

however many researchers agree that this quantity depends on the interfacial

gap between the active layers in a solar cell as illustrated in Figure 1. In

the conventional understanding, increasing the interfacial bandgap increases

the VOC of a device, but decreases the short circuit current. In order to fully

understand how this works, we will briefly discuss the detailed-balance model,

originally described by Queisser and Shockley in 1961 [35]. Our explanation

is simplified and follows the description by Alexi Arango, 2010 in [21].

As light hits the semiconductor layers in the solar cell, charge carriers are

produced at a generation rate G, producing a photocurrent

Jphoto(I) = q G(I)d (2.12)

where d is the thickness of the semiconductor of layer and I is the inten-

sity of the incident photons. If a bias is applied to the electrodes, carriers

are injected from the electrodes, raising the carrier concentration and over-

all recombination rate. The primary mechanism for current flow is then the

radiative recombination:

R = Bnp (2.13)
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where the B is the bi-molecular recombination constant, dependent on the

materials in the solar cell. n and p are the electron and hole concentrations in

the solar cell, given by the Boltzmann approximation:

n = Nce
(Ec−EFn)/kBT (2.14)

p = Nve
(EFp−Ev)/kBT (2.15)

Where Nc is the density of states in the conduction band, Nv the density of

states in the valence band, Ec and Ev th energy level for the conduction and

valence bands,EFn the Fermi level for electrons, and EFp the Fermi level for

holes. In this situation, the dark current is:

Jdark(V ) = qR(V )d− qG0d (2.16)

where G0 is the thermal generation rate and R(V) is the voltage-dependent

radiative recombination rate. Even in the dark, under no bias, thermally

excited carriers produce a small amount of current. Under illumination,

Jlight(I, V ) = Jdark(V ) − Jphoto(I) (2.17)

And thus the total current is:

Jlight(I, V ) = q R(V ) d− qG0d− qG(I) (2.18)

With Jlight = 0, the relationship between generation and recombination at VOC

is then

R(VOC) = G0 +G(I) (2.19)

showing that the recombination rate is determined by the total generation

rate. This result means that at a given intensity and fixed temperature, VOC
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depends exclusively upon Jdark but not Jphoto. VOC can be completely deter-

mined by testing the operation of the solar cell under dark conditions, and is

not associated with the photogeneration process in any way. Because of this,

VOC can be described as the point where the photocurrent generated by the

semiconductor is fully consumed by recombination [21]. The equation gov-

erning VOC can be obtained by considering the dependence of R on carrier

concentration and voltage. In the Boltzmann approximation, carriers in the

semiconductor recombine radiatively across the semiconductor bandgap at a

rate of

R(V ) = Bnp = BNcNve
−(Ec−Ev−EFn−EFp)/kBT = KE−(Eg−qV )/kBT (2.20)

using the fact that voltage is related to the Fermi levels in the semiconductor

by qV = EFn − EFp and that K = BNcNv is a material constant. Now we

just solve for V:

V =
Eg
q

− KBT

q
ln(

K

G0 + G(I)
) (2.21)

and using Equation (2.13), we have:

VOC =
Eg
q

− kBT

q
ln(

NcNv

np
) (2.22)

The second term will always be positive, and thus the maximum value for VOC

occurs at T=0.

For donor/acceptor heterojunction devices, the description of VOC is very

similar, but instead relies on Nc of the electron transport layer and Nv of the

hole transport layer so that the equation is now:

VOC =
Eg
q

− kBT

q
ln(

Nc,ETLNv,HTL

np
) (2.23)

with a maximum Voc again at T=0, equal to Eg/q.
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Figure 2-5: Circuit model for a solar cell under illumination with parasitic
resistance and leakage current

2.7 Finding the Maximum Power: Fill Factor

The final factor limiting the efficiency of a photovoltaic device is the fill factor.

This term contains information about parasitic resistances or non-idealities

that cause the cell to function less efficiently. To understand these resistances

and how they cause the solar cell’s efficiency to decrease, we can look at

the circuit model of a photovoltaic device in Figure 2-5. The solar cell is a

current source with a rectifying diode, so that it can only turn on under the

right conditions. The shunt resistance, Rsh should be high, so that minimal

leakage current can bypass the diode when the solar cell is reverse biased. This

parameter typically reflects nonconformities in the film, undesired pathways

that allow the hole transport layer to make contact with the cathode, or the

electron transport layer to make contact with the anode. The series resistance

Rs, should be low, because all generated photocurrent must pass through the

series resistor in order to arrive at the electrodes of the device. Any voltage
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Figure 2-6: Current Voltage Characteristics of a solar cell under applied bias
(dark current) and under illumination (light current)

dropped over this resistor is power loss from the solar cell. This parameter

typically reflects charges lost when moving through the active layers of the

device. A device made with too thick of an active layer will typically display

high series resistance.

The Fill Factor of a solar cell represents the amount of total power output

available from the device. On a current-voltage plot it is represented as the

area inside of the I-V curve. Mathematically, it is described as:

FF =
JmppVmpp
JSCVOC

(2.24)

Where Jmpp and Vmpp are the current density and voltage at the maximum

power output. Graphically, the Fill Factor is represented in Figure 2-6. A

solar cell’s power efficiency is defined as the ratio of electrical power produced

to optical power incident on the device. This efficiency is:

η =
Power Out

Power In
=

JSC VOC FF

Power In
(2.25)

where the Fill Factor should be maximized to produce the maximum efficiency
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for the device.

2.8 Conclusion: The Ideal Solar Cell

With the operating principles of photovoltaic devices and the constraints of

molecular semiconductors outlined in this chapter, we can now define the char-

acteristics of an ideal, maximum power producing, organic solar cell. We want

our devices to exhibit:

• High absorption in the active layers of the device > 105 cm−1

• High mobility in the the active layers of the device > 102 cm2 V −1 s−1

• Bandgaps of the active layers of the device that are near to the optimal

bandgap in the detail-balance limit, 1.4 eV

• Low recombination rates at the heterojunction of the device

• Low series resistance and high shunt resistance

Devices with these characteristics, if possible, could alter the current-voltage

tradeoff model discussed in our introduction and be used for large scale appli-

cations with efficiency levels competitive with those of silicon photovoltaics.

47



48



Chapter 3

Fabrication and

Characterization

We have introduced the motivation behind designing efficient organic pho-

tovoltaic devices and the current understanding of the theoretical principles

underlying molecular donor/acceptor devices. Furthermore, we have articu-

lated the basic desirable quantities that an ideal organic photovoltaic device

will exhibit. With this goal, we need a methodical approach to experimenta-

tion that allows us to fine tune the properties of our devices to achieve these

quantities. In this chapter, we describe the specific practices used to fabricate

the devices used in this thesis. We begin with a pre-patterned sample and de-

posit successive layers of the device onto the substrate using a combination of

spin-coating, stamping, annealing, and thermal evaporation techniques. The

multitude of variations possible in the application of these techniques allows

us many options for optimizing parameters in our devices. Our devices are

then characterized under standard conditions, and we report the performance

of our cells as a function of applied bias.
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P3HT PCBM

Figure 3-1: Chemical structure of P3HT and PCBM molecules

3.1 Our Materials

In this work we use two reasonably well studied polymers to form the

active layers in our devices. The two materials are: p-type active layer

poly(3-hexylthiophene-2,5-diyl) (P3HT) in conjunction with our n-type mate-

rial, [6,6]-penyl-C61-butyric-acid-methyl-ester (PCBM). The chemical struc-

ture of these two materials is shown in Figure 3-1. These materials can be

mixed together in a solution with mutual solvent 1,2-Dichlorobenzene (DCB)

at various different concentrations, and deposited in a single step process to

form a bulk heterojunction. Alternatively, the materials can be deposited suc-

cessively to form a planar heterojunction using a combination of techniques. In

the next section we present methods for fabricating bilayer devices using a suc-

cessive spin-coating and stamping procedure. The solvent, orthodichloroben-

zene is an organic compound that is poorly soluble in water, but miscible with

most organic solvents. It is a derivative of benzene and has adjacent chlorine

centers as shown in Figure 3-2. Another important part of our device is the

bottom contact electrode, the anode. We begin with a glass substrate coated

with Indium tin oxide (ITO). Indium Tin Oxide is a commonly used as a metal

contact layer for photovoltaics and has a chemical structure of In2O3/SnO2 We

then deposit a layer of poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate)
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Figure 3-2: Chemical structure of orthodichlorobenzene

(PEDOT:PSS) on top of the ITO electrode. PEDOT:PSS is used to facilitate

the hole transfer between the active layer and the ITO electrode. This mate-

rial has the ability to smooth the surface roughness of the contact between the

active layer and the electrode, and its work function, at 5.1eV, lies between

the work function of ITO (4.7eV) and the HOMO level of most p-type organic

semiconductors. These properties have led to PEDOT’s use as the polymer

anode in many organic light emitting diode(OLED) and OPV applications

[36].

After deposition of the active layer, we deposit the top contacts via thermal

evaporation. The materials used for the top contacts (cathode) are calcium

(Ca) and silver (Ag). The calcium forms the cathode and the silver facilitates

electron transfer.

The solar cells are then ready to be tested by our characterization proce-

dure. The entire fabrication and characterization process is completed under

a nitrogen atmosphere in successively connected glovebox chambers to prevent

degradation of our samples via oxidation.

3.2 Device Structure

The structure of our devices is illustrated by Figure 3-3. Each layer of the solar

cell is deposited in the multilayer pattern illustrated by Figure 3-4 [21]. This

pattern design allows each sample to contain ten separately testable devices.

The small device area dictates very small material waste in order to minimize
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Figure 3-3: Device Structure used in this thesis for the A) Planar Heterojunc-
tion Devices B) Bulk Heterojunction Devices and C) Control device structure

Figure 3-4: Top view of device structure Image credit: Alexi Arango
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Figure 3-5: Substrate Dipper used for cleaning multiple samples

the cost of testing many different methods, device thicknesses and solvent

concentrations.

3.3 Substrate Preparation

These substrates are sequentially cleaned by ultrasonication in micro-90, deion-

ized water, acetone and isopropanol alcohol (IPA) for 5 minutes each. The

samples are then transfered to a nitrogen atmosphere glovebox while still in

the IPA solution, where they are then removed and dried via nitrogen stream

and placed in individual floroware cases for future use. To expedite this pro-

cess, we specifically designed a tool for cleaning up to 16 samples at a time

with minimal waste. This tool was designed in SolidWorks and fabricated by

Thomas Liimatainen of Mount Holyoke College. Figure 3-5 gives the design

specifications for this part.

3.4 Deposition of PEDOT:PSS

A very thin film of PEDOT:PSS is deposited on top of the ITO anode by spin

coating. The sample is placed on a substrate stand, the stand pulls vacuum
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onto the bottom side of the sample so that it cannot move, an excess amount

of material is deposited onto the sample, and then the sample is rotated at

a high speed. In this way, excess material is removed via centrifugal force,

and ultra thin films (down to less than 10nm in thickness) can be deposited

in a simple manner. For our samples, 50µL of PEDOT:PSS is deposited onto

the substrate and spun at a rate 5000rpm for a duration of 60 seconds. The

samples are then placed on a hot plate and annealed at 190◦C for 5 minutes.

AFM measurements of these films determined the thickness to be between

12.5nm and 16.5nm.

3.5 Active Layer Deposition

We have fabricated two separate kinds of solar cells in this thesis: bulk hetero-

junction devices and planar heterojunction devices. These two kinds of devices

are fabricated identically, except for the methods used for the deposition of

the active layer.

3.5.1 Bulk Heterojunction Active Layer Deposition

P3HT (Poly(3-hexylthiophene)-regio-regular) and PCBM ([6,6]-Phenyl C61

butyric acid methyl ester) stock solutions are obtained from Solaris Chem

Inc. with purity levels of 99.5%. A solution is then formed by mixing the

P3HT:PCBM in a 1:1 ratio and dissolving into a solution of dichlorobenzene

in a ratio of 40mg/mL. Anhydrous dichlorobenzene is obtained from sigma-

aldrich with a purity level of 99%. A magnetic spin tab was inserted and the

solution was then left to stir overnight on a magnetic stir plate.

Next the substrate is placed on the spin coater and 35µL of P3HT:PCBM

is deposited onto the substrate and spun at rates of 600-800 rpm for a duration

of 60 seconds. The samples are then placed on a hot plate and annealed at
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Figure 3-6: Procedure for stamping PCBM on top of a film of P3HT. A) A
layer of PCBM is spin-coated on top of the PDMS stamp B) The stamp is held
above the sample with P3HT film pre-spun C) The stamp is firmly pressed
against the P3HT film D) The stamp is removed

150◦C for a duration of 10 minutes. We experimented with several different

thicknesses in the P3HT:PCBM films by varying the spin rate for deposition.

3.5.2 Planar Heterojunction Active Layer Deposition

The successive deposition of P3HT and PCBM active layers in a planar het-

erojunction structure has proven to be a very difficult feat to achieve. Since

both P3HT and PCBM are dissolvable in mutual solvents, we cannot simply

spin coat successive layers of each material without compromising the planar

structure of the heterojunction. We employ a low pressure stamping technique

to successively deposit the PCBM active layer on top of a spin-coated active

layer of P3HT. The procedure for this method is shown in Figure 3-6. We di-

lute the P3HT in a solution of dichlorobenze at a concentration of 43mg/mL.

We then deposit 35µL of the P3HT solution onto the sample and spin films

at varying rates of 600, 700, 800, 1500, 2000, 2500, and 3000 rpm. The films

spun at lower speeds were thick and somewhat clumpy, therefore devices were

not made from these films, however images were taken. Higher spin speeds

generated layers of P3HT that appeared to be reasonable thicknesses with

some variations on morphology visible in the images taken with a optical mi-

croscope. Optical microscope images of several films are displayed in Figure
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(A) (B)

Figure 3-7: Images of Pristine P3HT Films spun at varying speeds taken with
an optical microscope. (A) Film spun at 1500rpm and (B) 2000rpm

3-7. The difference in color between the images is a result of variations in

the hue setting on the microscope taking the images and does not reflect any

variations the actual color of the films.

The next step is to apply a layer of PCBM without modifying the pre-

existing layer of P3HT. We attempt this process via a simple stamping tech-

nique illustrated in Figure 3-6. We use elastomeric stamps made from poly-

dimethylsiloxane (PDMS). The PDMS is cured at 60C for two hours to form

an optically smooth conformable surface and then sectioned into 1 cm2 stamps.

The standard operating procedure (SOP) for making these stamps is listed un-

der Appendix A. These stamps are cleaned by depositing 35µL of dichloroben-

zene spun at a rate of 600 rpm for 60 seconds with a final spin-off cycle of

2500rpm for 3 seconds.

We dilute the PCBM in a solution of dichlorobenzene at a concentration of

50mg/mL. Next we deposit 35µL of this PCBM solution onto the stamps. The

stamp is spun at a rate of 600 rpm for 60 seconds with a final spin-off cycle

of 2500rpm. The coated stamp is pressed against the device stack, making

contact first at one edge and then the entire device, to minimize air pockets
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Figure 3-8: Optical microscope image of PDMS stamp with PCBM film before
stamp deposition

between the active layers. The stamp and substrate are then immediately

separated, leaving the PCBM film adhered to the P3HT. An image of the

PDMS stamp with a PCBM film on top is shown in Figure 3-8. The Standard

Operating Procedure (SOP) for deposition of the active layers of these bi-layer

devices is listed under Appendix A in this thesis.

3.6 Deposition of Top Contact Electrodes

The top contact electrodes are deposited by the use of a thermal evaporator.

The evaporator used in our laboratory was custom made to fit underneath our

gloveboxes in an innovative miniaturized design. The samples can be easily

loaded and unloaded from inside of the gloveboxes so that devices are not

exposed to oxygen degradation and pump-down times remain short. However,

deposition materials can be refilled from outside of the glovebox. A SolidWorks

representation of the evaporator chamber is shown in Figure 3-9.

The samples are placed in a mask assembly that creates the patterned

structure in Figure 3-4. The mask assembly can hold up to 16 devices at one
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time and defines an array of ten patterned electrodes on each sample. Fig-

ure 3-10 shows a SolidWorks representation of the mask.The substrates are

placed in a substrate holder that is then loaded into the evaporator on top

of the shadow mask. The evaporator is then brought down under vacuum

pressure of approximately 1.0x10−7 Torr. Once this pressure is achieved, the

material to be deposited (which sits below the samples on a boat) is heated

by sending a current through the material. As the current is increased, the

material eventually begins to sublime, coating the walls of the chamber and

the samples above. A quartz crystal monitor (QCM) is used to measure the

thickness of the material as it is deposited. During the initial heating stage of

the material, a shutter covers the samples so that no impure material is de-

posited on the samples. Once a steady rate of evaporation has been achieved

(as detected by the QCM), the shutter is opened and material is deposited on

the devices. We deposit 250nm of Calcium at a base pressure of 1x10−6 at

a rate of 0.2nm/sec followed by a layer of Silver, 800nm thick, at the same

base pressure and evaporation rate as Calcium. After deposition, our devices

are removed from the evaporator and transfered to the characterization glove-

box for testing. Figure 3-11 is an image of the solar cell after deposition of

the electrodes. A halogen light is used to improve the visibility of individual

layers. The edges of the organic layer were scratched off prior to depositing

the electrodes so the calcium/silver layer on the edge region only contacts the

glass substrate. Because our organic layers are deposited via spin-coating we

have to scratch off the edges of the film with tweezers.
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Figure 3-9: Custom Designed Evaporation Chamber with A) Material boats
for evaporation B) Turbo pump connection C) Thickness Monitor feed through
D) Substrate rotation motor connection E) Substrate placement complete with
patterning device F) Viewport

Figure 3-10: Shadow Mask used for deposition of electrodes
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Figure 3-11: Image of organic solar cell after final deposition of electrodes

3.7 Characterization

Our devices are characterized in an inert nitrogen glovebox. Current-Voltage

characteristics are taken under dark conditions with a parameter analyzer

connected to probes that contact the ITO and silver for each pad on the

device. A parameter analyzer is used to generate an I-V curve at a range of

applied biases. For light I-V curve measurements an AM1.5 Solar Simulator

is used to generate a solar spectrum. Air Mass (AM) is a measure of how

much atmosphere sunlight must travel through to reach the earth’s surface.

A typical value for solar cell measurements is AM 1.5, which means that the

sun is at an angle of about 48◦. Air mass describes only the spectrum of

radiation, not the intensity. For photovoltaics, the intensity commonly used is

100 W/cm2 [3].

3.8 Fabrication Challenges

Thin films of polymers are notoriously difficult to work with, since they often

have poor uniformity, uneven surface morphology, and the molecules with

each film are prone to movement within the device after initial deposition.
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The morphology of the active layers critically affects the performance of the

device. For bi-layer devices, it is somewhat desirable to have a rough interface

between the active layers of the device in order to maximize the surface area of

the heterojunction, however if the surface roughness of the P3HT film causes

irregularities and air pockets in the heterojunction, this can impede charge

transfer and thus lower the device’s efficiency.

The interface between films has conventionally been improved via thermal

annealing [37]. There is a tradeoff, however, because annealing the layers in-

troduces the possibility of mixing between the P3HT and PCBM. Studies of

planar device systems show enhancements in cell efficiency after the annealing

step [37, 38]. It is unclear however whether this enhancement is due to bet-

ter contact between the layers or due to intermixing of the layers. The once

planar structure may have become a bulk heterojunction and surface area at

the heterojunction is now greatly increased. Another reason for enhancements

in efficiency is that annealing induces the crystallization of the PCBM, and

to a lesser extent, P3HT. Studies have shown that crystallization greatly en-

hances the ability of PCBM to transport charge. The combination of these

potential enhancement effects makes it difficult to identify whether intermix-

ing, better contact at the heterojunction, or increased mobility of the active

layer materials is the cause of the efficiency increases.

Our method of stamping allows us to bypass some of these complications

by minimizing mixture of the active layers. With this ability, we can attempt

to optimize the thickness of each active layer individually in order to gain

a better understanding of the physics of charge generation and transport.

Several studies have shown that the optimal ratio of these polymers is not

a direct ratio of 1:1 P3HT:PCBM. Knowing the optimal thickness of each

layer could enable researchers to optimize both planar and bulk heterojunction

devices.
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Several studies have shown that the thickness of the P3HT active layer

should be several times greater than the thickness of the PCBM [27]. The

proposed reason for this is the relative carrier transit time of P3HT to PCBM.

PCBM has a much longer carrier transit time, and thus it takes longer for

an electron to travel through PCBM than it does for a hole to travel through

P3HT. Our studies confirm this idea, since the layer of PCBM used in our

devices was much thinner than the P3HT.

3.9 Conclusion

The fabrication processes presented in this thesis constitute novel, state-of-the-

art, procedures for the Arango Lab at Mount Holyoke College. The fabrication

process is notable in several ways. First, the entire fabrication and character-

ization process takes place within one interconnected glovebox system. After

the initial cleaning procedure, devices are never exposed to oxygen or other

harmful dust particles. The thermal evaporator used for electrode deposition

was designed by students in the Arango lab at Mount Holyoke and offers rapid

pump-down times that enable students to fabricate an entire device from start

to finish in a short amount of time.

Additionally, the fabrication method used for the fabrication of bi-layer

devices is a recently developed method that is new to our laboratory and

gives researchers a remarkable amount of control over the active layers in the

photovoltaic device. This method has generated a considerable amount of

controversy in the literature, and our ability to replicate the procedure gives

us an exciting opportunity to report new findings to the scientific community.
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Chapter 4

Experimental Results and

Comparison to Numerical

Simulations

In this work we present the results of a recently developed fabrication method

for plastic solar cells. We analyze the morphology of the active layers in the

device using atomic force microscopy. We then present the performance of our

P3HT:PCBM bulk heterojunction devices and P3HT:PCBM stamped planar

heterojunction devices. Our preliminary results for the recently developed

method of fabricating planar heterojunction devices demonstrate extremely

promising current-voltage characteristics. We then present the results of a

simple analytical model for simulating current-voltage in P3HT/PCBM bi-

layer devices. In an attempt to simulate the more complicated properties of

charge transport in organic materials, we utilized a more advanced monte carlo

model to calculate the electric field and carrier concentrations in an organic

light emitting diode under steady state applied voltage conditions. We pro-

pose that the physical processes in this model will be identical to those of

organic photovoltaic cells under solar illumination. We analyze the results of
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this model and determine them to be physically unrealistic, indicating that

further work is necessary in order for these simulations to be compared to our

experimental results. We then generate physical insight into the character-

istics of our devices by comparing our experimental results to the analytical

model.

4.1 Morphology of Active Layers

As mentioned in the previous section, thin films of polymer materials are no-

toriously difficult to work with, and seemingly standard fabrication processing

techniques can result in a host of differing sample results. Our job, then, is

to optimize the fabrication processes in our lab in order to develop the most

uniformly efficient photovoltaics. We can begin this process by taking opti-

cal pictures of our films to record the large scale morphology of our active

layer films before deposition of the electrodes. Since the camera in our test-

ing station does not have sufficiently high resolution to look at micron scaled

features, we continue the analysis of our film’s morphology with the use of an

atomic force microscope (AFM). This tool has the ability to determine both

the precise thickness (to within several nanometers of error), and the surface

roughness of our samples. The samples studied via this method were fabri-

cated specifically for the purpose of studying the morphology under the AFM,

pristine P3HT was spin-coated directly to the samples without depositing a

layer of PEDOT:PSS first, and PCBM was sequentially stamped for one of

the samples. The films were no longer suitable for use as solar cells, since the

use of the AFM mandated the removal of the cells from the inert nitrogen

environment. Table 4.1 details the samples studied via AFM, with thickness

measurements and mean surface roughness as well as maximum variance in

height. Figure 4-1 shows images of the surface morphology taken with the
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Table 4.1: Film thickness and surface roughness as determined by AFM

Film Thickness RMS film Max height Min height
Description roughness

P3HT spun @ 3000rpm 128.6nm 15.1nm 313nm 168nm
P3HT spun @ 2000rpm 136.9nm 11.1nm 672.7nm 563.7nm

P3HT/2000rpm w/ stamp 160.5nm 15.6nm 569.9nm 447.3nm

Figure 4-1: AFM Images of the morphology of spin-coated P3HT Films

AFM.

These measurements verify the thickness of each layer and confirm that

our stamping procedure does indeed deposit a layer of PCBM on top of the

P3HT. Since the films of PCBM are approximately 20 nm thick, the film

cannot be seen on the PDMS stamp with a naked eye. The surface roughness

data indicates a very rough surface on the P3HT film for the PCBM to adhere

to. This will affect the contact between the active layers and could potentially

hamper the charge exchange process at the interface.

4.2 Current-Voltage Characteristics of Our De-

vices

We present the current voltage characteristics of photovoltaic devices fabri-

cated in our laboratory at Mount Holyoke College.
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Figure 4-2: P3HT:PCBM Bulk Heterojunction Device Current-Voltage Char-
acteristics

4.2.1 Bulk Heterojunction Devices

The current-voltage characteristics for two bulk heterojunction devices fabri-

cated in our lab are demonstrated in Figure 4-2. The P3HT:PCBM solution

was spun at 800rpm for Device 1, and this yielded JSC = 0.65mA/cm2, VOC

= 0.45 and FF = 0.43. This was our first attempt to fabricate the active

layer at this thickness/spin speed. However, many attempts were made to

make devices with P3HT:PCBM solution spun at 600rpm. Devices 2 and 3

were made with this spin speed for active layer deposition. The blue curve,

Device 2, has one of the highest short circuit currents of our lab’s devices to

date, yielding JSC = 5mA/cm2, VOC = 0.35 and FF = 0.34. Device 2 was

fabricated by Margaret Stevens. Device 3 has the highest efficiency conversion

of a device that has been fabricated in our lab, with JSC = 4.8mA/cm2, VOC

= 0.54V, and FF = 0.585. This device was fabricated by Andrea Miranda.

The dramatic increase in efficiency when changing the spin speed of active

layer deposition could point to the slower speed optimizing the thickness of

the layer, but our results also reflect the number of trials made for films spun

at 600rpm. The wide range of efficiency levels in the two devices illustrates

how many unknown variables can affect the ultimate efficiency in laboratory
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Table 4.2: Current-Voltage Characteristics of P3HT/PCBM Planar Hetero-
junction Devices

Device P3HT PCBM JSC VOC FF
spin speed spin speed [mA/cm2] [V]

1 2000 rpm 1000 rpm 0.0021 0.10 0.29
2 2500 rpm 600 rpm + spin-off 0.0035 0.10 0.35
3 3000 rpm 600 rpm + spin-off 0.0031 0.06 0.27
4 2000 rpm 600 rpm + spin-off 0.00045 0.03 0.37
5 1500 rpm 600 rpm + spin off - - -
6 2000 rpm none - - -

made devices.

Ultimately, these characteristics still place our devices in a much less ef-

ficient category than record holding efficiency levels for P3HT:PCBM bulk

heterojunction devices in current literature [12, 13]. Since our lab is a brand

new facility we can expect that there will be some inconsistencies in processing

that will be improved over the next few years of operation. Taking these bulk

heterojunction devices as a reference point, the results of our planar devices

are very promising.

4.2.2 Planar Heterojunction Devices

Table 4.2 gives the device specifications for planar devices fabricated and tested

in our laboratory. Devices 1-4 produced measurable I-V light and dark

characteristics, shown in Figure 4-3. These results indicate a dramatic increase

in efficiency level dependent upon the variation of fabrication parameters.The

first device we fabricated that turned on, Device 4, had very minimal response

under illumination, but subsequent refinement in stamping procedure and film

thicknesses improved the efficiency of devices. These results are an amazing

outcome for our first attempt at a new device structure in our laboratory.

We anticipate similarly dramatic increases in efficiency as the procedure for

stamping these devices is refined. These preliminary results are very exciting
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Figure 4-3: IV Characteristics of P3HT/PCBM devices made by stamping the
PCBM layer

because they offer insight into the physics of charge transport in these materials

and validate the potential of our method for fundamental studies.

Given the roughness of the P3HT film, it is reasonable to assume the

the pressure with which the PCBM film is applied plays a large role in the

uniformity of the PCBM layer. Studies have shown that the crystal structure of

PCBM is strongly linked to the mobility of charge carriers within the material

[27] . Ayzner et al. found that the rate limiting material for diffusion of

electrons from the heterojunction to the electrodes in P3HT:PCBM bilayer

devices was the PCBM layer. For this reason, we kept our PCBM layer much

thinner than the P3HT. We also present the current voltage characteristics in

log-linear form in Figure 4-4.

All of the devices exhibit extremely high dark current. This indicates that

reverse bias injection blocking is bypassed by leakage current from low shunt

resistance. The energy band alignment of the two active layers should prevent
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any current from flowing in reverse bias, however if either the P3HT or PCBM

layer is incomplete, current can ”leak” through. This will lead to a decrease in

JSC when the device is under illumination. The gradual (rather than sharp)

turn-on of the diode indicates that leakage dominates over recombination as the

method of current flow in forward bias. This phenomenon leads to a decrease

in VOC under illumination. Both the bypass of reverse bias injection blocking

and the gradual turn-on of the diode are consistent with an incomplete layer

of P3HT or PCBM. From this analysis, however, it is impossible to distinguish

which layer causes these effects.
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Figure 4-4: Log-linear IV Characteristics of P3HT/PCBM devices made by
stamping the PCBM layer
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4.3 Modeling the Current-Voltage Character-

istics of P3HT/PCBM Planar Devices

We present the results of an analytical model for the current-voltage charac-

teristics of P3HT/PCBM bilayer devices. We then present the results of our

analysis of a more sophisticated model for charge transport in organic mate-

rials. Our work did not verify the accuracy of this model, and thus our use of

this model was limited.

4.3.1 Analytical Model

To compare our results to theoretical current-voltage characteristics for P3HT/PCBM

devices we utilize an analytical model written by Ray, et. al. [18]. This model

solves for the carrier concentration and electric field in a device and generates

an I-V curve under the following algorithm:

• Optical absorption inside the device is calculated by the transfer matrix

method [39]. Absorption depends on the complex refractive indices and

thicknesses of each layer. The tool assumes AM1.5 solar radiation as an

incident spectrum.

• Exciton diffusion for absorbed photons is solved in each layer by Equation

2.6, with the boundary condition that the exciton concentration at the

donor-acceptor interface is zero. This is based on the assumption that

the exciton dissociation probability is unity at the interface and is field

independent.

• The movement of the generated free carriers is approximated by the self

consistent solution of the drift-diffusion (Equations 2.10 and 2.11)) and

Poisson equations. The generation of these free carriers is calculated from

the exciton flux at the the heterojunction and the recombination of free
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Table 4.3: Parameters for P3HT/PCBM Bilayer Simulations

Sim # PCBM P3HT PCBM P3HT P3HT/PCBM
µh µe LUMO/HOMO LUMO/HOMO Thickness

1 0.0005 0.0001 3/4.9 3.7/6.1 50nm/50nm
2 0.0005 0.0001 3/4.9 3.7/6.1 150nm/20nm
3 0.0001 0.0003 3.1/5 3.7/6.1 150nm/20nm

carriers at the heterojunction is simulated by bi-molecular recombination

term.

The model was run under several different operating conditions in order to

understand how parameters such as thickness and electron/hole mobility affect

the overall I-V characteristics of the system. Details for these simulations are

found in Table 4.3.

The interfacial area between the layers of P3HT and PCBM was specified

to be 1 nm. This area is where excitons dissociate and also where charge

carriers can recombine. The exciton diffusion length for P3HT is 20nm and

5nm for PCBM. These values are consistent with experimental work on exci-

ton diffusion lengths for these materials [40]. The anode material is ITO with

a work function of 4.7eV and the cathode is Aluminum with a work function

of 3.9eV. The current-voltage characteristics for these simulations are summa-

rized in Figure 4-5.

Both the open circuit voltage and short circuit current decreased when the

thickness of the P3HT was increased and the thickness of the PCBM decreased.

These parameters were altered to allow for comparison to our experimental

devices. The values for LUMO/HOMO used in Device 3 were taken from

sigma aldrich. The bandgap of organic materials is known to be highly variable

based on orientation and structure of the material. The mobility of majority

(and minority) carriers in organic materials is also a highly variable parameter.

Approximating these values simplifies our model, with the tradeoff that our

results become less physically realistic.
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Figure 4-5: Simulated IV Characteristics for P3HT/PCBM Bilayer Devices
A) Linear-linear graph and B)Log-linear graph

The results of the simulation show that the thicker P3HT layer in Devices

2 and 3 severely inhibits the generation of photocurrent, resulting in a much

lower JSC . Additionally, the Fill Factor of Device 2 is less than that of Device

3, which concurs with the lower P3HT mobility used for Device 2. Physically,

this relates to the fact that the amount of photons that reach the lower layers

of the P3HT dies off exponentially. With a thick layer of P3HT, there will

be less excitons formed near enough to the heterojunction to diffuse across it,

generating free carriers. Additionally, Devices 2 and 3 have much lower shunt

resistance, correlating to leakage current through the reduced layer of PCBM.

In order to analyze how the devices are functioning in this simulation,

we look at where the charge is building up in the device. The model gives

us information on the majority carrier concentration throughout the device

at steady state. The other relevant parameter is the electric field inside the

device. These properties are displayed in Figure 4-6.

The unexpected result of this charge distribution shows that there is a

buildup of charge carriers at the electrodes, with no charge build up at the

heterojunction. We suspect that the charge build up at the electrodes is due

to the diffusion of charge carriers into the organic materials from the higher
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concentration of carriers in the anode/cathode materials. The unexpected

result, however, is the lack of charge build up at the heterojunction. This

suggests a high amount of carrier recombination at the electrodes (carriers

are recombining before they can travel away from the heterojunction). The

electric field strength somewhat mirrors the concentration of charge carriers,

since the carriers are generating this electric field.

The model does not provide us with the concentration of minority carriers

in the device, and so we could not calculate the total current throughout (to

make sure that it was constant). Although this model is useful to help us

analyze the performance of our devices, it does not help us discover any new

physics, because it is limited by the simplifications built in to its calculations.

In the next section we present our attempt to reach a molecular scale under-

standing of our devices with a fundamentally different modeling approach.

4.3.2 Monte Carlo Simulation

The model above presents a very simplified understanding of the physics of

solar cells. It relies on the exciton generation equation to determine the gener-

ation of excitons, utilizes a simple method of calculating disassociation across

the heterojunction, and utilizes the drift diffusion equations to calculate charge

transport through the organic materials to the electrodes. As outlined by

Chapter 2 of this thesis, use of these approximations requires some vast sim-

plifications. As a result, the simulation can not help us learn new physics,

since it is based on what we already know. Our devices are stretching the

bounds of current understanding of molecular systems, and thus we need a

tool that can generate new insights on the unknown physical processes that

are happening.

To attempt this, we utilized a one-dimensional rate model written by Ian

Rousseau [41]. The model calculates the movement of polarons in the device.
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Polarons are quasi particles that are composed of a charge and the accompany-

ing polarization field. As an electron moves through a solid, it interacts with

the lattice ions through long range interactions, carrying distortions in the lat-

tice with it as it moves, also known as a cloud of phonons. Interactions with

the lattice phonons are computationally intensive, due to the sheer number of

phonons in a solid. This model makes a compromise between the accuracy of

a full scale monte carlo model of charge movement and the requirements of

processing speed. The movement of polarons is approximated by the Miller-

Abrahams model of temperature dependent phonon induced electrical site to

site hopping [42].

The model determines where charge and excitons build up in devices in the

steady state of operation. It generates a carrier concentration profile, as well

as the electric field in the device. The model calculates charge transport and

exciton generation leading to photon generation given an externally applied

bias. As such, it functions as a light emitting diode instead of a solar cell. The

physics inside the device is exactly the same, and the design requirements are

similar, except that good absorption depth is not an issue since photons are

generated instead of absorbed by excitons.

Rousseau originally ran this model for a Tris(8-hydroxyquinolinato)aluminium

- tetraphenylbenzidine (Alq3-TPD) device architecture. The model initially

promised agreement with experimental results, generating an I-V curve that

replicates the form of physical devices. The simplications of a delta-function

density of states, constant hopping rates, and nearest-neighbor exciton trans-

port were used. Polaron and exciton hopping rates were calculated from ex-

perimental mobilities. A simple power law was taken for the injected current,

in accordance with Limketkai and Baldo’s microscopic model [43]. The pa-

rameters for this simulation are found in Table 4-7. The preliminary results

for this model are shown in Figure 4-8.
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Figure 4-7: Transport Parameters for simulating a TPD-Alq3 OLED A) Po-
laron transport parameters. Miller-Abrahams hopping rates are calculated
from mobilities (µ) and energy level difference at the heterojunction (EH and
EL), and γnp,bulk is the rate constant for polaron recombination in the bulk B)
Exciton transport parameters. Hopping rates calculated from exciton diffusion
length,Lx and lifetime τx

Figure 4-8: Current-Voltage Results for 1-D Monte Carlo Simulations of Alq3-
TPD bilayer OLED Device Image credit: Ian Rousseau
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The model generates the electric field and carrier concentrations used to

calculate current. To check this model against the more general approximation

of the drift-diffusion equations we independently calculated the current that

would be generated from the direct application of the drift diffusion equations

with the model generated electric field and carrier concentrations. We graphed

these results in order to understand how the model output coupled with the

drift diffusion equations predicts the current throughout the device. Figure

4-9 shows our results.

Our analysis shows that the current is not constant throughout the de-

vice. This directly contradicts the physical requirements of current based on

Maxwell’s equations. At steady state, the current must be constant. To bet-

ter understand why we were getting this result, we separately calculated the

electric field driven current and the diffusion driven current contributions in

order to specifically understand how the electric field and carrier concentration

gradient individually affected the current. Our results showed that although

the diffusion term appeared to be behaving in a physically realistic way, the

term driven by the exceptionally large electric field, the drift current, does not

behave in a reasonable manner. The high variance in electric field results in an

unrealistic drift current that does not reflect the behavior of a physical device.

Some other anomalies that are shown through this analysis are the outlying

result at 1V applied bias, and the decrease in current at applied biases between

1V and 3V. These results did not correlate well with the expectation that elec-

tric fields within the device increase at higher applied voltages. As a result

of the multitude of physical inconsistencies in this model found through our

computational analysis, we did not continue the use of this model to simulate

P3HT/PCBM devices. The code used to perform our analysis on the output

of Rousseau’s model was written in MatLab, and is included in Appendix B

of this thesis.
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Figure 4-9: Detailed analysis of Rousseau’s 1-dimensional monte carlo charge
transport model under the approximation of the drift-diffusion equations
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4.4 Conclusion

We have presented the results of our bulk heterojunction devices and pla-

nar heterojunction devices fabricated in our lab at Mount Holyoke College.

Additionally, we have presented our findings from two simulations modeling

the current-voltage characteristics of organic photovoltaic devices. The first,

an analytical model, confirms our original analysis of the causes for low effi-

ciencies in our planar heterojunction devices. The second, a more advanced

model that attempts to incorporate information about interactions with the

material’s lattice ions and phonons through the simulation of polaron hopping

movement, was analyzed in an attempt to find a better description of de-

vice characteristics. Our analysis demonstrates that this model fails to yield

physically accurate results.
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Chapter 5

Conclusions and Future Work

The potential socioeconomic impacts of the invention of efficient organic pho-

tovoltaics are enormous. This possibility has motivated us to study the funda-

mental processes that limit the efficiency of these devices. We have presented

the current theoretical understanding of the physics of organic materials in

the context of photovoltaics. Much of this physics is not easy to write down,

since it involves many uncertainties inherent to the molecular structure of the

materials and the amorphous nature of the films. We have presented the usual

equations used for approximating the physics in solar cells in order to gain a

qualitative understanding of what is happening inside of our devices.

We present the implementation of a recently developed alternative method

of fabricating organic photovoltaics. This fabrication process was completed in

our lab at Mount Holyoke College. The characteristics of the bi-layer devices

fabricated by the method described in this thesis have the advantage of helping

us to better understand fundamental charge movement processes in organic

photovoltaics.

To analyze our device performance, we utilize an analytical model with the

commonly used approximations for charge generation and transport mecha-

nisms. This model confirms our hypothesis about the effect of layer thicknesses
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on the current-voltage characteristics of our bi-layer devices.

To further probe the physics of our devices, we used a molecular scaled

rate model utilizing monte carlo techniques to simulate charge movement in

organic materials under charge injection situations. However, the results of this

simulation failed to yield physically realistic results, and so further analysis is

necessary before these more advanced calculations can be used to study the

results of our devices. The problems found in this model lead us to the further

work that we hope to achieve in the Arango lab on this subject.

5.1 Experimental Work

The many remaining questions surrounding charge generation and transport in

the active layers of P3HT/PCBM devices suggest further experimental work.

One interesting experiment that the author did not have time to complete is

the fabrication of a stamped bi-layer device with a reversed order of active

layers. By first spin-coating the PCBM and successively stamping the P3HT,

the thinner layer of PCBM would now be the only layer that photons need to

penetrate before reaching the region near the heterojunction of the device.

This experiment would help us answer two fundamental questions. First,

how much loss in efficiency is directly due to the short exciton diffusion length

of P3HT. Because the incident photons will no longer have to travel through

the layer of P3HT before reaching the region of the film where excitons can

generate charge carriers, we may see an increase in efficiency. Second, we can

anneal the PCBM before depositing the P3HT. This will allow us to study how

crystallinity in the PCBM contributes to the device’s efficiency. The compar-

ison of this proposed device structure to the results in this thesis would offer

valuable insight on the physical processes at the P3HT/PCBM heterojunction.
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5.2 Computational Work

The monte carlo simulations in this thesis were not completed with satisfac-

tory results meriting comparison to our experimental devices. Further work

is necessary to understand where the model went wrong, and why it does not

internally check for the constancy of the current throughout the simulated de-

vice. Perhaps, after further analysis, the model could be adjusted to check for

this physical parameter.

5.3 Looking forward

The results presented in this thesis constitute one of the very first experiments

in the Arango lab at Mount Holyoke College. The success of this project

is an exciting development with implications for the viability of its cutting-

edge fabrication method. The project has given us new information about the

properties of the organic materials in our devices. The amount of discoveries

that are currently taking place in the field of organic photovoltaics makes this

area an exciting place for undergraduate students to work. The results of

this project demonstrate the potential for further discoveries in this field and

illustrate the amazing opportunities that this lab provides for undergraduates

to make valuable contributions to solar cell research.
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Appendix A

SOP for Fabricating Stamped

Bi-layer Devices

This appendix contains the Standard Operating Procedure for the recently

developed method of stamp transfer printing. The document has been modeled

after the SOP for spin coating P3HT:PCBM Bulk Heterojucntion Devices

written by Andrea Miranda and Alexi Arango.
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Introduction: 

 

This document describes the procedure for spin coating a film of PEDOT:PSS, a film 

of P3HT from solution onto an ITO glass substrate, and stamp transferring a film of 

PCBM onto the P3HT film.  The procedures for making the solution of 

P3HT:PCBM, cleaning ITO glass substrates and evaporating the metal 

electrodes are described elsewhere.  It is good lab practice to keep note of critical 

information about your device growth, such as spin parameters, time durations, 

solutions used, unusual observations, equipment difficulties or mistakes.  Written 

notes that are scanned with the scanner will automatically be loaded into evernote. 

 

Before using the wet glovebox, you must sign up for time on the wet glovebox google 

calendar.  You will be given access to the google calendar once you have been 

certified to use the glovebox by a senior lab member, Len or Alexi.  Contact Alexi for 

access to the google calendar.  You can also sign up using the Calendar app on any 

of the computers or tablets in the lab. 

 

Hazards: 

 When working with chemicals in the wet glovebox, put on the 

appropriate safety gear including goggles, lab coats, and 

gloves.   

 Wear latex gloves on top of glovebox gloves for extra 

protection 

 Before the use of any chemicals in the glovebox, 

circulation must be turned off (F5).  

 If working with a water-based solution such as 

PEDOT:PSS, auto-purge the glovebox (F6) for the entire 

time that exposed water is present 

 Before working with substrates,  

  

o turn on laminar flow to ensure that the atmosphere in the 

glovebox is free of particles 

o clean the glovebox by blowing pressurized nitrogen 

towards the back of the glovebox.   

o Clean the gloves by picking up dust particles with the lint 

roller. 

Supplies: 



 Clean substrates in fluoroware 

 Micropipette and tips 

 Plastic-coated tweezers 

 Aluminum foil 

 Texwipe (to clean spin coater) 

 Timer (annealing) 

Chemicals: 

 PEDOT:PSS solution 

 P3HT solution 

 PCBM solution 

 PDMS Stamps 

 Dichlorobenze solution 

Procedure: 

1. Glovebox Preparation 

2.  

1. On a sheet of aluminum foil lay out all supplies to be brought into the 

glovebox.  This may include newly cleaned substrates submerged in 

isopropanol.  For best results, keep as little isopropanol as possible in the 

beaker.  Wrap the aluminum foil around the beaker to prevent any damage 

in case of a spill 

2. If the solution to be spin-coated is in an opaque jar, you may transfer the 

approximate amount needed into a colorless vial to see clearly.  Label the 

vial and place in vial tray. 

3. Set the amount of solution needed on the micropipette 

3. Set the spin coater 

4.  

1. To change a parameter starting at Recipe 1: Press MODE, use the left or 

right arrow to navigate between the listed parameters (step, ramp, rpm, 

etc.) and use the up or down arrow to set a desired value, press ENTER,  

press MODE 

2. Parameter settings: 

 Step: 1 

 Ramp: 0 

 RPM (revolutions per minute): varies from 500 to 1300 rpm 

 Dwell (how long the substrate will spin): 60 s 

 Disp (dispense): none 

 Time: 0  (60 seconds is standard) 



1. Spinning 

2.  

1. Open the glass cover to the spin coater 

2. Pick up substrate (originally face-down in the fluoroware) and flip it so as 

to place it face-up onto the o-ring of spin coater 

3. Center and close lid 

4. Stir the polymer solution (a couple of minutes, set speed so that a little 

depression forms in solution surface) 

5. Attach the pipette tip to the micropipetter 

6. Set the micropipetter volume to 40-50 ul 

7. Withdraw the solution from the vial to the pipette tip 

8. Place a finger from your free hand on the spinner start button 

9. Place the micropipetter directly vertically above the substrate.   

10. Release the solution from the pipetter one drop at a time until the solution 

uniformly coats the substrate 

11. Press the start button 

12. Dispose of pipette tip 

13. Wait for substrate to stop spinning, open the lid 

14. Pick up the substrate and place it face down in a fluoroware dish 

3. Annealing 

4.  

1. Turn on hot plate and set to desired temperature (150 C for PEDOT:PSS 

or 110 C for P3HT) 

2. Wait for the surface to heat up 

3. Set timer for 5 minutes for PEDOT:PSS or 10 minutes for 

P3HT 

4. Place substrate in the center of the hotplate and start timer 

5. Remove the substrate from the hot plate and place it face down in a 

fluoroware dish 

5. Stamping 

1. Clean PDMS Stamp by placing the stamp on the spin coater, and 

successively depositing a layer of DCB and spinning the stamp for 

several seconds. 

2. Make sure to handle the stamp with tweezers on the underside of the 

stamp 

3. Deposit film of PCBM using spinning procedure outlined above 

4. Remove stamp from spinner and place in case 



5. Open the florowave case containing sample with films of PEDOT:PSS 

and P3HT already deposited 

6. Transfer the film of PCBM from the stamp to the sample by firmly 

pressing the stamp against the sample, one side first, to minimize 

airpockets. After pressing firmly, pull away the stamp. The film should 

now be adhered to the surface of the P3HT. 

6. Cleaning up 

7.  

1. Make sure all vials and containers are closed 

2. Turn off laminar flow once substrates are no longer exposed 

3. Auto-purge (F6) (set for 10 minutes) once or twice depending on how long 

you've been working with solvents 

4. Remove all waste to the fume hood and dispose of contaminate items in 

the hazardous waste container 

5. After auto-purge has completed, turn on circulation (F5) and ensure that 

oxygen and moisture ppm's are at zero 

 

 

 

Last edited by:  

 Phoebe Tengdin 
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Appendix B

Simulation Analysis Code

This appendix contains the code written to analyze the output of Rousseau’s

computational model using the drift diffusion approximation for charge trans-

port. This code was written to run in MatLab. To run the code, the user must

have access to ouput files from Rousseau’s model. These files must be stored in

a folder hierarchy organized by the applied voltage given when running each

iteration of Rousseau’s model. This can be seen by the file name structure

specified by the attached code.
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clear all; 
clear; 
CHECK = 0; 
MINVOLT = 1; 
MAXVOLT = 5; %voltage range %%not doing it this way anymore 
%EMOBP = 1*10^(-8); %electron mobility of p-type material 

[m^2/V*s] 
EMOBN = 1*10^(-4); %electron mobility of n-type material 
HMOBP = 5*10^(-4); %hole mobility of p-type material [m^2/V*s] 
%HMOBN = 1*10^(-8); %hole mobility of n-type material 
T = 300; %[K] 
K = 1.3806503 * 10^-23; % Boltsman [m^2 kg s^-2 K^-1] 
Q = 1.60217646 * 10^-19; %charge of an electron 
%EDIFFUSIONP = K*T*EMOBP./Q; %electron Diffuson coefficient p 

type material 
EDIFFUSIONN = K*T*EMOBN./Q; %electron Diffuson coefficient n type 

material 
HDIFFUSIONP = K*T*HMOBP./Q; %hole Diffuson coefficient p type 

material 
%HDIFFUSIONN = K*T*HMOBN./Q; %hole Diffuson coefficient n type 

material 
DEVAREA = 1; %device area 
DeviceName = 'OPVTool Simulation\'; 
InVval = 30; %number of increments in the voltage inputs 
cmap = winter(InVval); 

  

  
i=1; 
%read in the values from the model 
Efield = dlmread( strcat(DeviceName, 'Electricfield.txt'),','); 
EConc = dlmread( strcat(DeviceName, 

'ElectronConcentration.txt'),','); 
HConc = dlmread( strcat(DeviceName, 'HoleConcentration.txt'),','); 
%ElecPot = dlmread( strcat(DeviceName, volt, 

'V\Electrostaticpotential.txt'),',',6,0); 

  
%calculates electron contribution to the current in the ptype 

material 
% for k = 1:(length(Efield))/2 -1; 
%     J_drift_e(k,i) = Q*(EConc(k,2)*EMOBP*Efield(k,2)); 
%     J_diff_e(k,i) = Q*(EDIFFUSIONP*((EConc(k+1,2)-

EConc(k,2))/(EConc(k+1,1)-EConc(k,1)))); 
%     Je(k,i) = J_drift_e(k,i) + J_diff_e(k,i); 
% end 

  
%calculates electron contribution to the current in the ntype 

material 
for k =(length(Efield)-1)/2:(length(Efield)-2) 
    l=k-198; 
    J_drift_e(l,i) = Q*(EConc(l,2)*EMOBN*Efield(k,2)); 
    J_diff_e(l,i) = Q*(EDIFFUSIONN*((EConc(l+1,2)-

EConc(l,2))/(EConc(l+1,1)-EConc(l,1)))); 
    Je(k,i) = J_drift_e(l,i) + J_diff_e(l,i); 
end 

  



%calculates hole contribution to the current in the ptype 

material 
for p = 1:(length(Efield)-2); 
    if p>198 
        J_drift_h(p,i) = 0; 
        J_diff_h(p,i) = 0; 
    else 
    J_drift_h(p,i) = Q*(HConc(p,2)*HMOBP*Efield(p,2)); 
    J_diff_h(p,i) = Q*( HDIFFUSIONP*((HConc(p+1,2)-

HConc(p,2))/(HConc(p+1,1)-HConc(p,1)))); 
    end 
    Jh(p,i) = J_drift_h(p,i) + J_diff_h(p,i); 
end 

  
% %calculates hole contribution to the current in the ntype 

material 
% for n = (length(Efield))/2:(length(Efield)-1); 
%     J_drift_h(n,i) = Q*(HConc(n,2)*HMOBN*Efield(n,2)); 
%     J_diff_h(n,i) = Q*(HDIFFUSIONN*((HConc(n+1,2)-

HConc(n,2))/(HConc(n+1,1)-HConc(n,1)))); 
%     Jh(n,i) = J_drift_h(n,i) + J_diff_h(n,i); 
% end 

  
hold all 

  
%total current is Je + Jh 
Jcomp = bsxfun(@plus, Je, Jh); 
%Jcomp(1:length(Efield)-1,i) = 

(Je((length(Efield)/2):(length(Efield)-

1),i))+(Jh(1:(length(Efield)/2-1),i)); 

  
%plot the different plots  

  
subplot(2,3,1) 
semilogy(Jcomp(:,i),... 
    'LineWidth',2); 
%hleg1 = legend('show'); 
%set(hleg1,'Location','NorthWest') 
title(' Current Distribution ') 
xlabel('Distance (from the anode) [nm]') 
ylabel('Current (Je+Jh) [A/m^2]') 

  
subplot(2,3,2) 
semilogy(Efield(:,2),'LineWidth',2); 
title(' EField ') 
xlabel('Distance (from the anode) [nm]') 
ylabel('Efield Strength') 

  
subplot(2,3,3) 
semilogy(J_drift_e(:,i),'LineWidth',2) 
title(' Drift Current ') 
xlabel('Distance (from the anode) [nm]') 
ylabel('Current') 

  
subplot(2,3,4) 



plot(J_diff_e(:,i),'LineWidth',2) 
title('Diffusion Current') 
xlabel('Distance (from the anode) [nm]') 
ylabel('Current') 

  
subplot(2,3,5) 
plot(HConc(:,2),'LineWidth',2) 
title('Hole Concentration') 
xlabel('Distance (from the anode) [nm]') 
ylabel('Hole Concentration') 

  
subplot(2,3,6) 
semilogy(EConc(:,2),'LineWidth',2) 
title(' Electron Concentration ') 
xlabel('Distance (from the anode) [nm]') 
ylabel('Electron Concentration') 
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