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Abstract
Organic photovoltaic (OPV) cells made from nanoscale phase separated blends of
conjugated polymers and fullerenes have received much attention due to their ability to be
produced by inexpensive, large area manufacturing techniques on flexible substrates. Power
conversion efficiencies greater than 10% have been achieved by OPV cells, but there is still
room for improvement, especially with regards to the voltage at which charge carriers are
extracted.
Metal oxide interlayers are increasingly being used in OPV cells because they can
improve open circuit voltages and fill factors. One way they can cause these improvements is
by blocking charge carriers of the wrong type from entering an electrode, reducing leakage
currents/surface recombination. At present few efficient hole blocking layers are known.
Incidentally, numerous material requirements for these layers, such as small work functions,
small electron affinities, and large band gaps, greatly reduce the number of candidate metal
oxides. In this thesis, I present work on using pulsed laser deposited strontium titanate doped
n-type with niobium (SrTiO3:Nb) as a hole blocking layer in OPV cells.
I deposited SrTiO3:Nb on various substrates, optimizing the deposition temperature
and oxygen partial pressure, and the thickness deposited, in order to achieve electrodes with
good transparency and electrical conductivity, and low surface roughness. The role of
SrTiO3:Nb cathodes/hole blocking interlayers in OPV cells was then studied by using my
samples as the bottom contacts in OPV cells based on a model system. This system consisted
of a conjugated polymer, poly(3-hexylthiophene) (P3HT), and a fullerene derivative, [6,6]phenyl-C61 butyric acid methyl ester (PCBM), which were spin coated on top of the
SrTiO3:Nb electrodes and functioned as the active layer of the solar cells. An anode
consisting of an interlayer of molybdenum trioxide and a top layer of gold was thermally
evaporated on top of the P3HT:PCBM layer. OPV cells which had SrTiO3:Nb interlayers
performed significantly better than cells without them, though it is unclear whether this is
because SrTiO3:Nb is a hole blocking layer or not. Unexpectedly, changes in the solar cells’
efficiencies due to different SrTiO3:Nb deposition conditions and film thicknesses were
overshadowed by a dramatic improvement in power conversion efficiency from 1.5x10-3% to
0.5% when these OPV cells remained under illumination for several hours (also known as
light soaking).
To investigate the effect of light soaking on the OPV cells, I constructed a series of
single carrier metal-insulator-metal devices using either P3HT or PCBM and appropriately
chosen contact materials. This made it possible to measure how SrTiO3:Nb affected hole
transport and electron transport separately. Current-voltage measurements of the devices
before and after light soaking were analyzed using dielectric conduction theory, including the
effect of a built-in field. This analysis shows that the reason for the enhanced device
efficiency is a rise in SrTiO3:Nb's Fermi energy level towards SrTiO3:Nb's conduction band.
Possible mechanisms for the shift in SrTiO3:Nb’s Fermi energy level are suggested based on
features observed in the current-voltage measurements. Important considerations in selecting
electrode materials for OPV devices are abstracted from this work.
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List of symbols and abbreviations
Symbol

Meaning

/

a negative charge in Kroger Vink notation
a positive charge in Kroger Vink notation

AFM

atomic force microscope

BHJ

bulk heterojunction

C

capacitance

CPD

contact potential difference
distance

DCB

(1,2)-dicholorobenzene
diffusion constant of electrons

E

energy, electric field (both meanings are used throughout the thesis)

E0

energy of electrons entering a solar cell (electron electrochemical potential at
anode)

E1

energy level of electrons exiting a solar cell (electron electrochemical
potential at cathode)
energy of the conduction band edge
Fermi energy
Fermi energy level of the anode
Fermi energy level of the cathode
Fermi energy level of the material on the left
quasi Fermi level of electrons in the conduction band
quasi Fermi level of holes in the valence band
Fermi energy level of the material on the right
band gap energy of a semiconductor
permittivity of a dielectric layer
energy of the valence band edge

E(x)

electric field
the Fermi-Dirac distribution

FF

fill factor

FTO

fluorine doped tin oxide

g(E)

density of electronic states in a material with respect to energy
density of electronic states in the material on the left
density of electronic states in the material on the right

h

Planck constant

H

heat
2

HBL

hole blocking layer

HOMO

highest occupied molecular orbital

HOPG

highly orderd polygraphene

HRSEM

high resolution scanning electron microscope

I

current

I(E)

net current of electrons moving at energy level E
current due to electrons going from left to right at energy level E
current due to electrons moving from right to left at energy level E

ITO

Tin doped indium oxide

J

current density
current density due to the flow of electrons
current density due to the flow of holes

Jsc

short circuit current density

JV

current density versus voltage

k

Boltzmann constant
transfer rate of electrons from left to right
transfer rate of electrons from right to left

K(E)

transfer rate of electrons at energy E

L

thickness of a dielectric layer

LUMO

least unoccupied molecular orbital

MIM

metal-insulator-metal

PLD

pulsed laser deposition
chemical potential of electrons
electron chemical potential energy in the left material
electron mobility
electron chemical potential energy in the right material

N

number of electrons

n

density of electrons per cm3

n0

initial thermal free carrier density
effective density of states in the conduction band
effective density of states in the valence band

N(t)

the number of electrons leaving a device in time t

n(x)

the electron density in the conduction band
frequency of a photon

OPV

organic photovoltaic

P

power
3

P3HT

poly(3-hexylthiophene)

PCBM

[6,6]-phenyl-C61 butyric acid methyl ester

PCE

power conversion efficiency

PEDOT:PSS

Poly(3,4-ethylenedioxythiophene): Polystyrene sulfonate

PV

photovoltaic

p(x)

the hole density in the valence band

q

fundamental unit of charge

Q

the total excess/unbalanced charge in a material

Rs

series resistance

Rp

parallel resistance

sc-Si

single crystal silicon

SCL or
SCLC

space charge limited (conduction)

SEM

scanning electron microscope

STN

SrTiO3 doped with Niobium

t

time

T

temperature

TCO

transparent conducting oxide

V

voltage, volume (only on pages 14 and 15)

V0

voltage at the side of the solar cell that electrons come in (the anode)

V1

voltage at the side of the solar cell that electrons go out (the cathode)

Voc

open circuit voltage
transition voltage between Ohmic and space charge limited current
conduction regimes

WF

work function

x

position in space
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1 Introduction
1.1 Background Information
Our society runs on electrical energy. Most of this energy is generated by burning
fossil fuels. Unfortunately, current processes by which we extract and utilize these natural
resources damage and pollute the environment. It is unclear what the full repercussions of
continuing to use fossil fuels will be, but rather than finding out the hard way, we would
prefer to adopt means of generating electricity which are more environmentally friendly.
Solar energy does not pollute the environment nearly as much as burning fossil fuels and it
has the potential to provide a significant fraction of our energy needs [1] [2]. This makes it an
attractive alternative energy source.
On a more practical level, solar energy will not become widespread in a purely free
market until it is cheaper than current means of producing energy [2] [3]. It is for this reason
that one of the central aims of solar energy research is to reduce the cost per installed watt of
solar power systems [4] [5]. This can be achieved by various means, including lowering the
production cost of well-established types of solar energy and developing new types of devices
which have the potential for even lower cost per installed watt ratios [2].
Most research on solar energy is centered on photovoltaics (PV), devices that convert
sunlight directly into electricity. Silicon PV technologies have been around for nearly 70
years and are the most produced type of PV devices [6]. While they continue to become
cheaper to produce, several key characteristics of silicon PV technologies have kept their
prices too high to attain widespread adoption [4]. One characteristic is that silicon solar cells
use high purity silicon. Making silicon of this quality requires complex high temperature
processes which consume large amounts of energy. Additionally, single crystal silicon (sc-Si)
layers can only be achieved using silicon substrates. Because of this, devices are made using
sc-Si wafers. These wafers are relatively thick due to mechanical fragility. Much silicon is
also wasted during the wafer cutting process. Thus, current commercial solar cell designs and
manufacturing processes require large quantities of high quality silicon. Additionally, the
solar cells’ fragility and weight require more installation structure and longer installation
time, which raise the cost of these devices.
Advances in manufacturing techniques of sc-Si are reducing the cost of sc-Si solar
cells [4]. Solar cells using cheaper, less crystalline silicon are also being improved and may
become market competitive [5]. Polycrystalline silicon solar cells can be made at lower
temperatures and can even use glass as a substrate, dramatically decreasing the amount of
silicon used. This is the most produced type of Si solar cell; however they are still around the
same price per an installed watt as sc-Si solar cells due mainly to their lower efficiency.
5

Amorphous silicon solar cells can be made at a few hundred degrees Celsius and are also
flexible [5]. However, their lower performance makes their cost per installed watt ratio worse
than those of crystalline and polycrystalline solar cells. It is entirely possible that silicon PV
cells and related inorganic semiconductors such as GaAs or CdTe will prove to be the much
sought alternative energy solution. However, a relatively new class of solar cells based on
organic molecules has the potential to provide energy at extremely low cost due to their
ability to be manufactured at low temperatures on flexible substrates using high throughput,
large area, roll to roll processes [2] [3] [7]. Recent improvements in efficiency have brought
them within the realm of amorphous silicon [8] and it is possible that their efficiencies can be
improved even more [9]. Thus these types of solar cells present a promising solution and
deserve research into understanding and improving their function.

1.2 The goal of this research and the structure of this thesis
We would like to increase the power generated by organic photovoltaic (OPV) cells.
The power produced by a cell is described by the equation P=IV, where P is power, I is
current, and V is voltage. While it appears that the currents produced by today’s OPV cells
are near optimal, the voltages produced by these cells are less than they can be [10]. In order
to raise OPV cells’ power output we must therefore find ways to improve the voltage
produced by these cells.
It will be shown in the following sections that a photovoltaic cell’s electrical contacts
are crucial in determining the voltage produced by it. My research goals were to find out what
criteria should be used to choose the material for these electrical contacts, how to go about
making the contacts, and investigate how the contact’s material properties affect solar cell
performance.
Part of this investigation was developing a conceptual framework for evaluating how
contacts affect solar cells*. This forms sections 2-5 of this thesis. Section 6 goes over the
experimental methods used in developing and testing cathodes made from a specific metal
oxide, strontium titanate doped n-type with niobium, SrTiO3:Nb (or STN for short), in a
model OPV system (P3HT:PCBM BHJ photovoltaic cells). Section 7 discusses what was
learned in the process of depositing STN and making OPV cells. The main result being that
depositing STN on fluorine doped tin oxide, FTO, produces cathodes which can be used to
make working OPV cells. Section 8 goes over the results of the experiments on OPV cells
that used STN cathodes. It was found that the inclusion of a thin interlayer of STN improved
solar cells using FTO cathodes. Additionally, a huge increase in the power conversion

*

This is because the literature on the generation of voltage in organic photovoltaics is often
vague or seemingly contradictory, reflecting the fact that it is still an open topic of research.
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efficiency of the cells in response to a light soaking treatment was observed. Section 9
describes the work of developing single carrier metal-insulator-metal (MIM) type devices as a
means by which to characterize STN electrodes in order to explain this phenomenon. It was
found that STN's Fermi energy level rose upon light exposure. In section 10 valuable lessons
are abstracted from this research that are applicable to the future development of contacts in
OPV’s. Of note are the importance of choosing the correct cathode – substrate pair and the
importance of creating cathodes with high Fermi energy levels.
In addition to documenting work done and results obtained, this thesis is meant to be
an introduction and a guide for those who wish to start researching contact phenomenon in
solar cells. As such, many of the sections in this thesis are didactic in nature and have a more
story like flow than what is commonly found in a master's thesis.

2 A Photovoltaic Device Overview
2.1 An abstract view of solar cell power generation
Before we get into the inner workings of contact phenomenon, I would like to give a
brief overview of how solar cells work in general. At the most abstract level PV cells are
black boxes that take in electrons at a certain energy level, E0, and output electrons at a higher
energy level E1 [6]*. We assume that these devices operate at steady state and so there are an
equal number of electrons moving in and out of the device.

Solar Cell

E1

E0
E0 < E1
Figure 1 An abstract representation of a solar cell. In order for it to generate power it must emit
electrons at a higher energy than the electrons it takes in.

Thus the power they provide is given by the equation:
(1)
where P is the power and N(t) is the number electrons leaving the device in time t. We can
trivially see that by multiplying and dividing by q, the charge of an electron, we get the

*

E0 and E1 are the electrochemical potential of electrons in a semiconductor. This point will
be discussed in greater depth in sections 3.1, 3.5, and 4.1.
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familiar equation,

P  I(V1  V0 ) , where I is the current and (V1 - V0) is the voltage difference

between the two sides of the device, respectively.

2.2 Absorption
The obvious question is “how do electrons move up in energy from the energy they
enter the black box with to the energy they leave the black box with?” The mechanism is
optical absorption which excites an electron from an occupied state in the absorbing material
to an unoccupied state higher in energy. In the case of a semiconductor, this is more
specifically a band to band transition. An electron in the valence band absorbs a single photon
and moves up to the conduction band of the semiconductor. If the photon has less energy than
the band gap of the semiconductor it is not absorbed. If a photon has more energy than what is
needed to move an electron into the bottom of the conduction band, it moves up to a higher
energy level in the conduction band, meaning that it has kinetic energy. This kinetic energy
soon gets dissipated as heat and in most cases is energy that is lost in the system [1].
C)

B)

A)
Ec
Ev

h  Eg

h  Eg

h  Eg

Figure 2 The energy of a photon is hν, where h is Planck’s constant and ν is the photon’s
frequency. Eg is the band gap energy of the semiconductor. Ev is the semiconductor’s valence
band edge and Ec is the conduction band edge. A) Photoexcitation is the means by which
electrons are moved to higher energy levels in the “black box” solar cell B) If the photon does not
have enough energy to move an electron up to the conduction band it is not absorbed, but instead
moves through the semiconductor as if it was transparent. C) If the photon has more energy than
Eg, the excited electron has excess kinetic energy which is quickly dissipated into phonons (heat)
in small increments.

The energy spectrum of light from the sun before entering the Earth’s atmosphere is a
black body energy spectrum to a good approximation (see the red curve in Figure 3).
Molecules in the atmosphere filter the light so that the spectrum of sunlight that reaches
Earth’s surface is depicted by the green curve in Figure 3. The green curve specifically
describes the spectrum of light that shines on geographic locations which have a 48° angle of
incidence between the Earth’s surface and the sun. At these latitudes the total power density
of sunlight is 1 kW/m2. This spectrum is called AM 1.5G and is the standard spectrum with
which all solar cells are tested and compared by [11].
Since a semiconductor can only absorb one wavelength of light without losing energy
it is clear that every semiconductor will incur losses to varying degrees when converting
photons that are distributed over a broad spectrum of wavelengths. If the semiconductor has a
8

band gap that is too large, most of the light won’t be absorbed. If it has too small a band gap,
nearly all the light is absorbed, but much of the energy of the photons is then lost as heat [12].
There are also losses due to some electron falling back down to the valence band and reemitting a photon. There is a fundamental limit to how small this loss to re-radiation is.
These considerations compose the famous Shockley-Queisser limit, which I will not
go into detail here, but only cite its major results. Basically, the band gap of a semiconductor
must be optimized to absorb the most energy without losing it to thermalization. That sweet
spot is 1.3 eV which would give a maximum efficiency of 33.7%. Silicon has a 1.1 eV band
gap and has a maximum limit of 29.8% efficiency [13]. There is of course more to the story
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Figure 3 The graph on the left is the spectral power density of sunlight [11]. AM0 is the spectrum
of light outside of the atmosphere and AM1.5G is the spectrum of light at the surface of the Earth
with a latitude corresponding to a 48° angle incidence between the Earth’s surface and the sun.
The graph on the right is a plot of maximum theoretical power conversion efficiency of a solar
cell made of a single absorbing material versus the band gap energy of that material as was
calculated by Shockley and Queissler in their seminal paper [14]. These graphs are taken from
the thesis of Nir Yaacobi [15].

2.3 Separation and Recombination
I have mentioned that radiative recombination is a loss mechanism in solar cells, but
let’s look at this in more detail. Why is it that all the electrons that are excited to the
conduction band don’t immediately fall back down to the valence band (each reemitting a
photon in the process)? When a photoexcited electron moves to the conduction band it leaves
a vacant valence band state in its place. For the moment let’s look at the case where an
electron is excited exactly to the conduction band and has no kinetic energy. Furthermore,
let’s say that the semiconductor is cooled to near 0 Kelvin, thus the excited electron remains
practically still. The time it takes for the electron to fall back down is proportional to the
9

overlap between the wave function of the electron in the conduction band and the wave
function of the electron in the valence band [16]. The more overlap there is, the faster the
electron will reemit a photon and fall down*. Usually solar cells operate at temperatures much
greater than 0 Kelvin and the electron will move away from the vacancy before it has time to
recombine. When the electron is in a different spot there may be no empty vacancy states and
thus the electron will continue to move until it finds a place that has an empty valence state or
it leaves the semiconductor†.
In the previous description I left out the fact that the electron has a negative charge
and the region from which it left has one uncompensated positive charge coming from the
nuclei of the atoms in the area. Thus there is an electric force that pulls the electron back.
When calculating such a force directly, one would need to take into account how the
numerous electrons in the valence band respond to the excited electron and the vacancy it
leaves behind as well and this can be quite complicated. It has been proven that a system with
a single hole in the valence band (a conceptual particle that is identical to an electron except
that it is positively charge) and an electron in the conduction band acts exactly like a system
with many, many electrons, an excited electron, and a vacant valence level‡ [17] [18]. This
means we can look at light absorption as creating two particles an electron and a hole.
Thermal energy causes these particles to begin wander away from each other and the
Coulomb force tries to pull them back together. For most crystalline semiconductors the
particles’ binding energy given by the Coulomb potential is less than their thermal kinetic
energy and the particles drift apart from each other [1]. Unless they meet again or with
another hole/electron they will never recombine and are free to leave the system. We will see
shortly just how important recombination mechanisms and rates are in determining the
efficiency of solar cells.

2.4 Extraction
The current presentation of a how a solar cell works still is not complete. Why should
an electron move to the electrode on the right versus the electrode on the left in Figure 2a?
There must be a driving force that pushes electrons to one side [1]. Most textbooks would say
the built-in field is what moves them forward, but this is only part of the answer.

* This, by the way, is also true of absorption; the stronger the overlap, the stronger the
absorption. Absorption and emission are related to each other by a material’s Einstein coefficients.
† Of course in semiconductors, the vacancy must have the appropriate momentum for the
electron to recombine so that momentum is conserved. This is not a problem for electrons hopping in a
disordered organic semiconductor. In such systems electrons and holes form bound exciton pairs with
long lifetimes which allow them to exchange momentum with phonons so that momentum is conserved
when the exciton recombines.
‡ Of course, one would still need to use an effective dielectric constant (permittivity) to take
into account electron screening to make this picture complete
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Going back to Figure 1, E0 and E1 were associated with the total amount of work that
could be done by a solar cell, but they were not explicitly defined. They are not the electronic
levels of the electrodes, which describe the total energy of the electrons in the electrodes
(similar to the conduction and valence band edges in Figure 2) as one might suppose. When a
high energy electron leaves the semiconductor and a low energy electron enters the
semiconductor the semiconductor cools and the electrodes heat up ever so slightly. Since the
electrodes and the semiconductor are in direct contact, the electrodes exchange some of that
heat to the semiconductor so that they remain in thermodynamic equilibrium with respect to
temperature. This means that some of the energy of the electron leaving the semiconductor* is
dissipated as heat between the semiconductor and the electrodes. The amount of extractable
work one can get from the solar cell is the difference between the thermodynamic free
energies of electrons on the right and left side of the solar cell because the thermodynamic
free energy takes heat into account [1]. Thus E0 and E1 are the electrochemical potentials of
electrons entering and leaving the device † . The question of why electrons want to move
towards one specific direction is also related to the concept of the electrochemical potential.
A fully fleshed out concept of the electrochemical potential will allow us to complete
the picture of how solar cells work. It will take several examples to fully develop the
relationships between the electrochemical potential and charge density, charge transfer,
electric fields, and light, all of which play extremely important roles in a functioning solar
cell.

3 Thermodynamics in non-equilibrium situations related
to solar cells
3.1 The Fermi energy/electrochemical potential
The Fermi energy level is the same thing as the electrochemical potential for
electrons in a material‡ [17] [1]. It serves several different functions. One is that it describes
the distribution of electrons in energy. This leads naturally to its ability to account for how
many electrons are in a system and characterize the direction of current flow in nonequilibrium situations [17]. The second important function, as already mentioned previously,
is that it is the average energy that it takes to put an electron into or take an electron out of a
*

One could equivalently say that some of the absorbed photon’s energy is dissipated as heat
The electrochemical potential is another thermodynamic concept. I assumed the device was
at thermal equilibrium so that the only change in the free energy resulted from a change in the
electrochemical potential
‡
I will mostly use the term Fermi energy level, although I may use the term electrochemical
potential to emphasize that one needs to consider changes in both the electric potential and the
chemical potential
†
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system [19]. Thought experiments and model systems will be presented to more fully flesh
out the meaning of the Fermi energy level.
Let’s start by looking at a metal that has a temperature of 0 Kelvin. The whole metal
system is in its quantum mechanical ground state, which means that electrons occupy the
lowest available energy levels, as depicted in the left most diagram in Figure 4A. When the
metal is heated up, energy is added to the system and some of the electrons begin to occupy
higher energy levels. Based on thermodynamic arguments, the electrons occupy energy levels
according to the probability distribution given below, which is called the Fermi -Dirac
distribution [17].

1

f ( E , EF ) 

1 e

(2)

E  EF
kT

Here, f(E,EF) is the probability that an electronic state with energy E will be occupied by an
electron. T is the temperature, k is Boltzmann’s constant and EF is the Fermi energy level.
The distribution is depicted in Figure 4B and, roughly speaking, shows that states below the
Fermi energy level are filled and states above the Fermi energy level are empty.
B)

A)
Metal
3
N electrons/cm

C)
The Fermi-Dirac
Distribution

EF + .01eV

EF

EF

Energy

EF

Metal
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T=0
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Probability of
electron occupancy
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Figure 4 A) In a metal cooled down to 0° Kelvin electrons fill all the energy levels up to the Fermi
energy. In real metals the energy levels are so closely spaced in energy that they form a
continuous band for all intents a purposes, they are shown here are as being discrete levels for
the purpose of being illustrative. As temperature is added electrons occupy higher energy states
according to the distribution shown in B, with the Fermi energy level remaining constant. B)At
room tempearture the Fermi Dirac distribution has a narrow transition, ~2kT in width, from
levels that are occupied to levels that are not. C) The Fermi energy must rise when more
electrons and protons (so that it remains neutrally charged) are added to the metal
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The Fermi energy level of a material is determined by the density of electrons in the
material*, n, and the density of electronic states in the material with respect to energy, g(E).
For a given n and g(E), the Fermi energy level must satisfy the following equation [17]:

n




 g (E ) f (E, EF )dE




 g (E)


1

E  EF
1  e kT

dE

(3)

Thus the Fermi energy level serves as an accounting tool for how many electrons are
in the system. For example, if 2 more electrons per cm3 were introduce into a metal, the Fermi
energy level would have to rise accordingly, as shown in the two illustrations in Figure 4C.
So far I have treated EF as a single quantity. However, insight can be gained by
separating the Fermi energy level (i.e. the electrochemical potential) into two components, the
chemical potential and the electric potential, [20] [21] given by the equation:
(4)
Here

e

is the chemical potential of electrons, q is the charge of an electron, and V is the

electric potential. When I added 2 electrons/cm3 to the metal in Figure 4C, I should have been
more precise and stated that 2 protons/cm3 were added as well so that the metal did not
become charged and V did not change†. Thus the increase in

came from an increase in

.

There are two main techniques to measure the Fermi energy level of a material,
photoemission spectroscopy [22] and the Kelvin probe [23]. These techniques measure a
material’s work function, which is defined as the amount of energy it takes to move an
electron from inside the surface of the material to immediately outside of the material. In
order for the electron to leave the material something must raise its energy to the energy of
the local vacuum level. There are great reviews about the work function, the local vacuum
level, and surface dipoles and the reader is referred to them [19] [22] [24] [25] [26] [27]. All
that is important for our discussions is that it takes more energy to move an electron up to the
vacuum level from a material with a low Fermi energy level than it does for a material with a
high Fermi energy level. Thus low work function materials have high Fermi energy levels and

* Those more familiar with the use of the Fermi-Dirac distribution in the context of
semiconductors please note that here n is the electron density of all electrons in the material since the
context right now is a general material.
† Alternatively, I calculated
for a certain voltage (namely I assumed V = 0). If I move to a
different location with a different voltage V, all the energy levels will shift down by –qV so that eq 3
becomes
(
)
∫
It is clear from substituting in a new energy
that it is in fact μ(x) that is
absolutely fixed by the density of electrons in the system at a given point, regardless of the voltage. So
it is more accurate to say that
is fixed relative to the DOS by the density of electrons in the system
at that point and that both
and the DOS move up and down together as the voltage changes.
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high work function materials have low Fermi energy levels. People often talk about a
material’s work function because this is what is actually measured. I will mostly use the term
Fermi energy level because the term encompasses more than just what happens at the surface
and because it is more intuitive for understanding the flow of electrons.

3.2 Current flow and the Electrochemical Potential
Before discussing how the Fermi energy level tells us where electrons move to, it is
useful to talk about energy conservation. Energy never simply disappears. When an electron
transfers from one material to another, it either jumps between two energy levels of equal
energy or it jumps between two different energy levels and some energy is simultaneously
transferred to/from other electrons or phonons in one of the materials. Just as the overlap
integral between the ground and excited states determines how likely (or how fast) the excited
state decays, the overlap integral of all the particles involved in the transfer mechanism
determines how likely the transfer is [28] [29]. Thus it is usually far more likely that an
electron will move from one material to another material across the same energy level.
Afterwards the electron may lose/gain energy to phonon transfer so that Fermi-Dirac statistics
are maintained. This may seem inconsequential because the processes might happen in such
quick succession that it seems like the electron is directly jumping to a different energy level.
However, this assumption greatly simplifies the following analysis of current flow and how
equilibrium is established.
When two metals with different Fermi energy levels come into electrical contact,
electrons freely flow between them. Let’s look at the initial current moving from a single
electronic level in the metal on the right to a single electronic level with the same energy in
the metal on the left. The current is determined by the probability that there is an electron in
the energy level of the right metal and the probability that there isn’t an electron in the energy
level of the left metal, multiplied by some hopping/transfer rate* [30].
)(

(

(

))

(5)

where I is the current to the left, E is the energy of the electronic levels being examined, -q is
the charge of an electron, KR→L is the transfer rate from right to the left, and f(E, EF) is the
Fermi-Dirac distribution function. If there are multiple empty states in the left metal at that
energy, the (1-f(E, EF,L)) term becomes multiplied by the number of empty states in the left
metal. This is given by gL (E)·V , where g L (E) is the density of states at energy E and V is the
volume of the material participating in electron exchange. Similarly, if there are several levels
*

This formalism is more appropriate for nano-systems where the electrons do not move
freely/have momentum, but since it is simpler I show it here, later I will show how to treat materials
where electrons act like a gas, such as metals and crystalline semiconductors.
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on the right metal with energy E, each level may have electrons making attempts to move to
the left metal and so the expression f(E,EF,R) becomes multiplied by gR (E)·V . One can easily
see that g L (E)·V and gR (E)·V are simply weighting factors that can be absorbed into an energy
dependent kR→L (E) term. For two electronic levels with the same energy there is no reason for
asymmetric transfer rates, so KL→R(E) = KR→L(E) and for notational convenience I’ll call this
factor K(E). After some rearranging, we see that the net current, I, for a given energy level is
given by:
( (

)

(

))

(6)

Thus the difference between the Fermi energy levels is what determines the direction
of the current * . We can determine the total current simply be summing over the current
contribution of all the different energy levels.

EF,R
EF,L

Net Flow of Electrons
Figure 5 The material on the left has a lower Fermi energy than the material on the right. When
the two come in contact, more electrons flow from the right to the left than from the left to the
right. This causes the number of electrons to increase in the left material and thus its Fermi
energy level rises accordingly. The number of electrons decreases in the right material decreases
and so its Fermi energy level drops.

Let’s assume that these two metals are isolated and finite in size and see how
equilibrium is established. For the sake of being able to separately show how the chemical
potential and the electric potential change with electron transfer, let’s pretend for a moment
that electrons don’t have charge. As electrons flow from the right to the left the number of
electrons in the right metal decreases. This causes the right metal’s electron chemical
potential to drop and thus also its Fermi energy level. The number of electrons on the left
metal increases and thus the left metal’s electron chemical potential and Fermi energy level
rise. Electrons will keep moving from right to left until the Fermi energy levels for the right
and the left metals are equal. When this happens we have reached equilibrium and I = 0 in
equation 5. Because we are not considering the electron’s charge, equilibrium is more

*

It is actually the minimization of the Gibbs free energy that guides electron flow. I assume
here that there are no thermal or pressure gradients in the material so that only the electrochemical
gradient matters.

15

specifically established when the chemical potential is equal. This imaginary situation is
analogous to a tank of water that is separated by a divider into compartments. One
compartment has a higher water level (i.e. more water) than the other. When the divider is
removed water flows from the higher water level to the lower one until the water levels are
equalized. This is just like how “chargeless” electrons in a system with a high chemical
potential energy will flow to a system with a low chemical potential energy [31].
To understand when equilibrium is reached in reality one needs to also account for
the voltage generated by electron redistribution. Every electron that moves to the left causes
the left metal to be more negatively charged and the right metal to be more positively
charged. We can treat this system as a plate capacitor. Let C be the capacitance and Q be the
charge transferred between the metals. Thus the plate on the left is Q/C volts lower than the
plate on the right. For convenience if we set V = 0 at the left electrode, then the voltage of the
right electrode is V = Q/C. Electrons that populate the energy level E0 (I arbitrarily chose to
call the bottom level E0 in Figure 6) in the right electrode now have energy E0 –qV, where -q
is the charge of an electron. Thus the Fermi-Dirac distribution that describes the energy
distribution of electrons must use a Fermi energy level that is now –qV lower than before (see
the footnote on page 10).
In the previous example of “chargeless” electrons we saw that equilibrium was
reached when μL = μR. After taking into account the charge of electrons, equilibrium is now
established when μL – 0 = μR – qV as shown in Figure 6. We see that equilibrium is reached
when the Fermi energy level is constant throughout the system*.
When an electron leaves a material both μe and V change, however typically one
changes much more than the other. Which one contributes most towards approaching
equilibrium depends on the system. This system is made up of metals and therefore the
voltage is mainly responsible for equilibrium. Metals have many, many electronic levels near
the Fermi energy level. This means that if the Fermi energy level moved even a fraction of an
electron volt up or down relative to the electronic levels, an astronomically large number of
electrons would need to be transferred. This is another way of saying that metals have a very
large chemical capacitance and that adding or removing electrons barely changes the
chemical potential energy of the system [32] [33]. Thus for all intents and purposes it is the
electric field between the metals that causes equilibrium.

*

If one wanted to extend the analogy of the water level in a tank, the electric field tilts the
tank so that one end of the tank is lower than the other. Equilibrium is of coursed still reached when the
water level is flat throughout the entire tank.
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Figure 6 A single electron transfers between the two materials creating a large electric potential
difference and a minor change in chemical potential and brings the system into equilibrium

3.3 The quasi-Fermi energy level
In the previous example we saw that though there was an electric field there was no
net current. This may seem puzzling, as we generally think that if there is an electric field in a
material then there must also be a current flow, like in the following example. Let’s take an
unperturbed metal and mentally divide it into small slices. Each slice has electrons distributed
in energy according to the Fermi Dirac distribution and the Fermi energy level at that
location. Since the metal is in equilibrium, the Fermi energy level is constant everywhere.

E

Energy

F

x

Figure 7 A metal in equilibrium with no extrenal forces acting on it is conceptually divided into
very thin slices. The electrons in each slice are distributed in energy according to the Fermi
Dirac distribution and each slice has the same Fermi energy level.

An electric field pointing to the left is now applied to this metal. Since
x

V (x)  V (0)    E (x)·dl , where V is the voltage and E is the electric field, we see that each
0
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section is lowered in energy by a small amount, –qEΔx, because of the electric field [17].

E (0)
F

E (x)
F

Electric Field

Figure 8 An external electric field perturbs the metal from Figure 7. This changes the electron
distribution in energy in one slice relative to another. The blue arrows indicated electron transfer
moving to the right. The red arrow indicates what would happen if an electron moved without
thermally equilibrating (relaxing) when it enters each slice.

We see that EF, the Fermi energy level, is no longer constant everywhere and thus the
metal is no longer in thermodynamic equilibrium. Let’s assume though that the metal is in
steady state (i.e. there are huge reservoirs of electrons on either end of the system that inject
electrons in and pull them out so that the system never reaches equilibrium). If electrons do
not interact with anything over a significant distance, then electrons at the uppermost level on
the left will reach the right hand side with significantly higher energy than electrons in that
area (see the red arrow in Figure 8). These higher energy electrons are called hot carriers.
This almost never happens in reality, because electrons collide with many
particles/phonons as they move from one location to the next and thus they become
redistributed in energy according to the Fermi Dirac distribution in that location [1]. Thus, for
this example and for the rest of this thesis I assume that hot carriers quickly thermalize down
to the local electron distribution (similar to the discussion in section 2.2). Only under this
assumption does the concept of a local Fermi energy level which describes a Fermi Dirac
distribution in each slice continue to make sense in non-equilibrium situations. Since the term
Fermi energy level is reserved for equilibrium situations however, we now call this a quasiFermi energy level. If the metal slices become infinitely thin, the quasi-Fermi energy level
becomes a continuous sloped line. We see that the electrons want to move in the direction of
decreasing quasi-Fermi Energy and that the steeper the slope the more current will flow. Thus
the quasi-Fermi energy level serves as a very convenient tool to help visualize current flow.
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Equation 4 described current by using a transfer rate K for electrons hopping from
occupied sites to unoccupied sites [30]. When describing current for delocalized, and
therefore constantly moving, electrons (such as those found in metals or crystalline
semiconductors) the Boltzmann transport equation should be used [18]. It is outside the scope
of this thesis, but it can be shown that using much physics and many approximations
(reasonable ones) the Boltzmann transport equation, when applied to electrons moving in
ordered materials, can be simplified to [18] [17] [1]:
⃑⃑⃑

(7)

where Jn is the current density of electrons, μN is the electron mobility, n(x) is the electron
density, and EF,N is the electron quasi-Fermi energy level. This is very similar to equation 6
and matches our intuition that current can be visualized by the slope of the quasi-Fermi
energy level. Equivalently, the Boltzmann transport equation can also be simplified to [18]
[17] [1]:
⃑⃑⃑

⃑

(8)

where E(x) is the electric field and DN is the electron diffusion coefficient. This equation is
called the drift diffusion equation and it is extremely useful because it divides current into two
types, drift and diffusion (hence its name).
This is why the electric field is not enough to be able to predict which way electrons
will move, one must also take into account diffusion currents [1] [21]. When electrons moved
between the two metals in section 3.2 it was because the electron density on the right hand
side was larger than on the left hand side and so there was a diffusion current to the right.
Thus the system reached equilibrium when an electric field was built up between the two
“plates” of the capacitor because this generated an equal and opposite drift current. In our
example of the metal with an electric field, the electron density was uniform everywhere so
that there was only a drift current. In equilibrium, the drift current equals the diffusion
current. This balance between drift and diffusion currents will be a major theme of my
research. Since we care about semiconductors I would go amiss if I did not reintroduce the
idea of holes and say that there are equivalent current equations for holes, namely:
⃑⃑⃑
⃑⃑⃑

(9)
⃑

(10)

3.4 Semiconductors versus metals
Now that we have developed what the electrochemical potential is and what it tells us
about a system, we can apply it to our system of interest, a semiconductor. All the same
principles of electron transfer discussed before still apply. The only difference between metals
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and semiconductors that we care about is that there are no electronic levels near the Fermi
energy level (as seen in Figure 9).
An intrinsic semiconductor will have a Fermi energy level near the middle of its band
gap (this was of course determined by how many electrons are in the semiconductor and what
the density of states is, but the result is the same for all crystalline semiconductors) [17]. In
metals, large numbers of electrons need to be added to raise the Fermi energy level because of
its high chemical capacitance [33]. Intrinsic semiconductors have a low chemical capacitance
and so it takes very few electrons to raise their Fermi energy level [32]. This no longer holds
as the Fermi energy level approaches the conduction band, where once again we see that it
takes many electrons to move the Fermi energy level higher.
C)

B)

A)
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Figure 9 A) On the left side is a metal and on the right side is an intrinsic semiconductor with the
same Fermi energy level. B) The Fermi energy level of the metal and the semiconductor has been
raised. Electrons with red centers are electrons that are added to the system because of the rise in
Fermi energy level C) the same semiconductor now has its Fermi energy level raised so high that
it begins to act like a metal

Thus the chemical capacitance for semiconductors is not constant (it’s not constant
for metals either, but it isn’t as dramatic a change as it is for semiconductors). The fact that
adding more and more electrons will barely change the Fermi energy level once it’s close to
the conduction band will become very important as we begin to examine what happens when
light shines on a semiconductor.

3.5 Semiconductors and light
It is no longer useful to draw “all” the electron levels, instead we will simply draw the
conduction band edge, valence band edge, and Fermi energy level (see Figure 10).
Furthermore, as was introduced in the section 2.3 on separation and recombination, we can
think of the vacant levels in the valence bands as being occupied by holes. We do not lose
much information by using this visually simplified picture. The distance between the Fermi
energy level and the conduction or valence band edges is enough to give us a general idea of
20

how many electrons or holes are in the semiconductor, respectively. According to the
Boltzmann approximation the number of charges in a band grows exponentially as the Fermi
energy level approaches the edge of that band [17].
(11)
(12)
Here N and P are the density of electrons and holes in their respective bands, N C and
NV are the effective density of states of the conduction and valence bands, EC and EV are the
band edges for the conduction and valence bands, k is Boltzmann’s constant, and T is
temperature. The Boltzmann approximation holds when the Fermi energy level is not too
close to the energy at which many charge carriers reside. In a semiconductor with a parabolic
density of states charge carriers can be effectively approximated as residing at the band edges
EC and EV*.
When a semiconductor is doped n-type, more electrons are added into the system.
The Fermi energy level rises to take into account the extra electrons. According to equations
10 and 11, the number of electrons in the conduction band increases and the number of holes
in the valence band decreases (some of the added electrons dropped to the valence band and
filled in empty levels). Semiconductors in equilibrium can always be described by a single
Fermi energy level and thus increasing the number electrons always decreases the number of
holes and vice versa in equilibrium situations.
When light is absorbed it moves an electron from the valence band to the conduction
band, or in other words it generates an electron in the conduction band and a hole in the
valence band (see Figure 10). This means that the concentration of the electrons and holes
can’t be simultaneously described by a single Fermi energy level. If we wanted to describe
what happens in the conduction band, the Fermi energy level increased. If we wanted to
describe what happens in the valence band, the Fermi energy level decreased. This dilemma is
resolved by using two quasi-Fermi energy levels, one that describes the distribution of
electrons in the conduction band and one that describes the distribution of holes in the valence
band [1]. We of course used the reasonable assumption that when these photo-carriers were
generated they almost immediately thermalized so that they occupy states according to FermiDirac statistics based on the two quasi Fermi energy levels described above.

*

This is not true for amorphous semiconductors

21

E

C

E

F,N

E

F

E

F,P

E

V

Figure 10 An intrinsic semiconductor is shown on the left. The dark circles represent electrons
and the white circles represent holes. On the right is the semiconductor when it is exposed to
light. To describe the electron and hole distribution two quasi-Fermi energy levels, one for
electrons, EF,N, and one for holes, EF,P. For simplicity light was assumed to be absorbed equally
throughout the semiconductor. In real life, the EF,N and EF,P are wider apart at the illuminated
surface of the semiconductor.

Even though I use quasi-Fermi energies as a way of describing charge carrier
distributions in non-equilibrium situations it can be shown that these levels still retain their
full meaning as the electrochemical potential of electrons in the conduction band and holes in
the valence band [1]. This means that EF,N is still the free energy lost by the system when I
pull out an electron. More importantly, (EF,N - EF,P) is the work we can get when we extract an
electron and a hole from this system [1].
As time progresses more and more electrons and holes are generated. The quasiFermi energy levels quickly approach the conduction and valence band edges, but once they
get close to the band edges they move slower and slower. Still, without anything to remove
electrons and holes from the system, if we waited long enough the difference between E F,N EF,P could be as large as we wanted. This doesn’t happen because when an electron and a hole
meet each other they can recombine. The more holes and electrons we have in the system the
more electrons and holes meet and recombine. Thus at some carrier density the rate of
electrons and holes being lost to recombination equals the rate of electrons and holes being
generated by light absorption and we reach steady state. It takes a very small photogenerated
carrier density to move the quasi-Fermi energy levels close to the band edges (assuming that
the semiconductor has little or no traps in its band gap) and a very large photogenerated
carrier density to move the quasi-Fermi energy levels past the band edges. Thus for most
non-amorphous materials the quasi-Fermi energy levels are never above the band edges
regardless of how strong or weak the materials' internal recombination mechanisms are.
We are now very close to being able to describe how a solar cell works. All that is
needed to finish the picture is an explanation of how we can extract these charges. Contacts
are needed to connect the semiconducting absorber to the outside circuit we wish to power.
We see that the quasi-Fermi energy levels in the semiconductor in Figure 10 are flat. This
means that there are no net currents of electrons or holes in either direction inside this simple
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semiconducting absorber*. The contacts have to break the symmetry of the device in some
way such that electrons and holes will flow to opposite ends of the device and through the
contacts.

3.6 Blocking contacts
One way that electrical contacts can break the symmetry of the device is by
selectively allowing electrons or holes to transfer freely between the absorber and the contact
while blocking the transfer of the other carrier type [1] [33] [34]. I think it is more correct to
call these contacts selective contacts, however the bulk of scientific literature uses the term
blocking contacts. Many references on blocking contacts can be found in [35].
A hole blocking contact is achieved by using a semiconductor which has a conduction
band that is aligned or slightly lower than the conduction band of the absorber (which is also a
semiconductor) and a valence band that is much lower than the valence band of the absorber
[35]. If the electron quasi-Fermi energy in the absorber is higher than the Fermi energy level
of a hole blocking contact , electrons will flow into the contact (see Figure 11B). If the hole
quasi-Fermi energy level is lower than the Fermi energy level of the hole blocking contact,
holes will want to move into the contact as well. However, the only shared energy levels
between the absorber and the contact are much lower than either Fermi energy level and there
are very few holes occupying these levels that can transfer from the absorber to the contact.
Thus, while hole transfer is a thermodynamically favorable process, it is kinetically hindered
and the hole current is very low. This is another way of saying that holes need to be thermally
excited to overcome an energetic barrier to get into the contact.

*

This is because I made several simplifying assumptions. I assumed that light was absorbed
equally throughout the device. This means that there are an equal number of electrons throughout the
device and an equal number of holes throughout the device. I also assumed that there was no additional
recombination at the surfaces of the semiconductor. Lastly, I chose a spatially uniform intrinsic
(undoped) semiconductor, such that there was no built-in electric field.
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Figure 11 A) Electrons occupying states near the band edge of an illuminated absorber blocked
from enetering the selective anode. Only high energy electrons can enter the selective anode’s
conduction band. Holes can move into the valence band of the selective anode without hindrance.
B)Similar to illustration A, electrons can enter a selective cathode, but holes cannot.

3.7 Drift and diffusion currents in semiconductors
Before I explain how a solar cell works, I want to discuss the strengths and
weaknesses of graphically showing the quasi-Fermi energy level in band diagrams. As
mentioned in section 3.3, currents of electrons and holes are visually seen by the tilting of the
quasi-Fermi energy levels. According to equations 7 and 9 these currents can be conceptually
divided into drift and diffusion currents. We can actually visually distinguish between these
two types of currents in band diagrams [1]. In drift currents, the application of an electric field
causes both the quasi-Fermi energy level and the electronic energy levels (such as the
conduction and valence band edges) to tilt. In diffusion currents, only the occupancy of the
conduction and valence band changes, and the conduction and valence bands remain flat.
Diffusion Current

Drift Current
EC
EF,quasi

EV
Figure 12 When a constant drift current runs through a semiconductor the bands are drawn
tilted to indicate that the electric field has shifted their energy according to their spatial location.
The quasi energy level is drawn tilted indicating current flow. When a constant diffusion current
runs through a semiconductor only the quasi fermi energy changes. This is due to the fact that
only the electron occupancy of the energy levels changes with spatial location, not the energy of
the levels themselves. Because the electron density in the conduction band decreases
exponentially with decreasing Fermi energy level, the quasi Fermi energy level is curved rather
than tilted when the current is spatially constant.
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The reason that the quasi Fermi energy level for the diffusion current is curved rather
than straight like in the drift current picture is because I imposed the constraint of current
continuity. If we assume that the current is constant throughout the semiconductor (i.e. there
is no charge build up and we are at steady state) then, according to equation 7,
, n(x) must be a linear function. n(x) is exponentially dependent on the quasiFermi energy level (see equation 13), so EF, quasi should be of the form ln(c-x), where c is a
constant.
In real devices there are often times when the quasi Fermi energy level is very close
to the conduction or valence band. When this happens slight changes in the Fermi energy
level lead to very large currents (see equations 6 and 8). Thus when one actually sees
numerically simulated band diagrams the quasi Fermi energy levels often appear flat even
when large currents are passing through the semiconductor. Similarly, when the quasi-Fermi
energy level is near the middle of the band gap there are very few charges and so even if the
quasi Fermi energy level has a very steep gradient, the current in that region will be
negligible.

4 How solar cells drive current and produce voltage
4.1 An ideal solar cell
We’ve covered everything needed to discuss an ideal solar cell. It consists of three
parts: an electron blocking anode, an absorber (in this case a semiconductor), and a hole
blocking cathode. The main thing that causes this solar cell to work (i.e. supply charge
carriers to an external load that are capable of doing work), whereas the semiconductor in
section 3.5 did not, is that the contacts break the symmetry of current flow in the device. In
addition to the asymmetry caused by using blocking contacts, an asymmetry is introduced by
choosing the contacts so that a large built-in field is present in the device. In fact for the
example presented here the built-in field is the dominant source of asymmetric transfer of
electrons and holes*.
The built-in field is generated by the cathode’s high Fermi energy level (low work
function) and the anode’s low Fermi energy (high work function) [36] [34]. The difference in
Fermi energy levels means that when the materials are brought into contact electrons will
transfer from material to material until the Fermi energy level is flat throughout the device. In
accordance with Schottky barrier theory [37] [26] [38], I will assume there are no surface

* I will discuss the differences between blocking contacts and built-in fields in solar cells in
sections 4.2, 4.4, and 4.5. Although the device discussed here uses both blocking contacts and a built-in
field, the built-in electric field will be emphasized.
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traps and dipole effects (this is often a bad assumption, but it makes this example simpler [25]
[24] [39] [40]). Thus the built-in voltage that is generated across the absorber is the difference
between the Fermi energy of the cathode and anode, EF,C – EF,A.
The profile of the built-in voltage is largely dependent on the carrier density and the
thickness of the absorber [41]. For this example, the absorbing layer will be quite thin and
presumed to be undoped. As electrons are injected from the cathode into the absorber, they
diffuse further and further into the absorber, and, because the absorber is thin, they meet holes
that are diffusing in from the anode side. These electrons and holes recombine, leaving only
positive charges on the cathode and negative charges on the anode. Thus, the system behaves
like a capacitor with both electrodes charging up until the voltage built up between them
compensates for the difference in their Fermi energy levels [38] (see Figure 13 B)*.
Looking closely at Figure 13 B, the solar cell in the dark, we see that the Fermi
energy level is flat indicating no net current is flowing. However we see that there is a large
electric field (indicated by the tilt in the conduction and valence bands). The reason no current
flows is that the drift current produced by the electric field is balanced at every location by an
equal and opposite diffusion current† [1].

* If the absorber is very thick, the two interfaces would not see each other and each interface
would establish equilibrium individually. In that case an excess of charge carriers is added to the
absorber side, so the band bending on that side goes approximately as ex. Since free charge carriers are
leaving the electrode, the band bending on that side goes approximately as x 2, according to the abrupt
layer approximation [41].
†The presence of a diffusion current can be inferred from the fact that the gap between the
Fermi energy level and the conduction and valence bands changes with position, indicating a spatially
varying charge carrier density.
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Figure 13 A) The energy levels of an electron blocking anode, an absorber, and a hole blocking
cathode before they come into electrical contact with each other. B) The materials touch and
reach equilibrium by redistributing charge so that a built in electric field is created. C)
Immediately after light exposure a uniform electron and hole population inside the absorber is
assumed to be created, which must be separately be described by an electron and a hole quasi
Fermi energy level. The electric field drives these carriers to their correct electrodes. D) The
steady state band diagram of the device when the two electrodes are connected (short circuited)
so that they have the same Fermi energy level. * (See section 4.1.1 for more details) E) The steady
state band diagram of the device when the two electrodes are electrically isolated so that no
current can leave the device. To reach this state, charge flowed to their contacts until the electric
field was canceled (see section 4.1.2 for more details).

Let’s examine what happens when we shine light on the device. I find that it is
helpful to picture an imaginary intermediate step in which the light has been absorbed, thus
generating holes and electrons, but before these charges have had time to move (see Figure 13
C). Thus while the conduction and valence bands remain in their dark configuration, the
quasi-Fermi energy levels, EF,N and EF,P, move closer to their respective bands edges. It is
quite obvious that there is a huge slope in the quasi-Fermi energy levels resulting in a net
current of electrons and holes going to their respective contacts (this is exactly what we
want). This is caused by the fact that the increase in charge carrier density has greatly
increased the drift current while having little effect on the diffusion current. The diffusion

* The astute reader will notice a contradiction in the short circuit band diagram (Figure 13D).
Because electrons and holes leave the device very quickly there aren’t as many electrons and holes
inside the device compared to when the device is in open circuit (Figure 13E). Therefore
and
should be closer together. The quasi-Fermi energy level splitting at short circuit can’t be estimated
easily since it depends on a large number of device parameters and must be simulated. Since it doesn’t
affect the general behavior of the device in short circuit I didn’t include this consideration in the
drawing.
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current is proportional to the gradient of the charge carrier concentration. Since the absorbed
light generates holes and electrons uniformly throughout the absorber the diffusion doesn't
increase in the first moment after light exposure [20]*.

4.1.1 The short circuit boundary condition
The question now becomes what happens after the first few moments of light
exposure have passed and steady state has been reached. Electrons and holes move to and
reach their designated contacts and thus the boundary conditions for the solar cell need to be
considered. If the two contacts are connected by a wire of negligible resistance, effectively
shorting the device, then electrons and holes leave the contacts through the metal wire [1].
Electrons and holes leave through the wire as quickly as they reach it and so no charge builds
up at the contacts and the overall voltage profile/band bending remains largely unchanged
[42].
In order to create a complete picture of the processes at short circuit we also need to
include surface recombination. Let’s examine Figure 13 C, the intermediate step, again. In
that diagram EF,N near the anode is higher than EF,A and EF,P near the cathode is lower than the
EF,C. This means that electrons want to move into the anode and holes want to move into the
cathode [34]. This can become current flow in the opposite direction of the photocurrent and
can be called by several names such as back currents, leakage currents, and surface
recombination currents. From the discussion in section 3.6, we know that since the contacts
are good blocking contacts these leakage currents will be very small. Thus the leakage
currents’ effect on the concentration and flow of charge carriers inside the absorber is
negligible. The effect of leakage currents is more visible in the contacts. Even a few charges
entering into the wrong electrode are enough to create a split in the quasi-Fermi energy levels
in the contacts [1]. The minority carriers don’t make it too far into the electrodes, though,
before they recombine with majority carriers. The leakage currents are depicted in the short
circuit condition band diagram, Figure 13 D, as steeply sloped quasi-Fermi energy levels
inside the contacts. However the leakage currents are quite small because the minority carrier
densities are low there. We will see in section 4.4 that there is another type of leakage current
that can take place, but for now it is unimportant.

*

If there had been no built-in electric field the selectivity of the contacts could also have
generated a net current of electrons and holes throughout the device after a few moments. More
explicitly, photo-generated electrons would leave the absorber, going into the cathode, creating a
depletion of electrons near the cathode. This would propagate into a net diffusion current of electrons
moving towards the cathode throughout the absorber. This process also happens in the example in 4.1,
but is ignored for simplicity.
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Finally, a remark about the power supplied by the device at short circuit conditions is
in order. The wire holds the two contacts at the same electrochemical potential. Thus, even
though many electrons and holes leave the device, the device does not provide any power*.

4.1.2 The open circuit boundary condition
If there is no connection between the two electrodes, then charge carriers have
nowhere to go when they arrive at their designated contacts. The buildup of charge at these
electrodes creates an electric field that points in the opposite direction of the built-in field.
This reduces the drift current towards the correct electrode and increases the diffusion current
away from the correct electrode†. Eventually the current asymmetry disappears and no more
charges accumulate at the electrodes. At that point charges experience no net force to the right

*

One may ask the question “where has the energy gone?” since electrons leaving the device
do not carry useable energy into the external circuit. We saw a gedaken experiment in section 3.3
showing that the electric force can pull an electron in a certain direction. By doing so it converts the
electron’s electric potential energy into kinetic energy. The electric force, like the gravitational force, is
conservative, thus when considering only the electron's interaction with the electric field the electron’s
total energy is conserved. However, the extra kinetic energy of the electron means that when the
electron moves into a new location it is not in equilibrium with electrons there, which are described
locally by the Fermi-Dirac distribution. Thus collisions with other electrons and phonons distribute the
excess energy to surrounding particles as heat. In the short circuit boundary condition, an electron
absorbs light, moves up to the conduction band, and is then swept by the electric field so that all of the
energy it gained is then lost to heat as the electron is transported to the cathode and the hole is
transported to the anode. Intuitively, the drop in the quasi-Fermi energy levels inside the device
represent the free energy used to move electrons to one side of the device and holes to the other side,
any remaining free energy of the charge carriers when they reach the electrodes can be used then to
drive current through the external circuit and perform work. The more energy expended in transporting
the charge carriers from one side to the other the faster the charges reach the correct sides, meaning that
more carriers reach the contacts rather than recombining along the way.
Mathematically,
. Eabsorbed is equal to the
absorbed photon energy. I subdivide all the energy lost to heat into H and E transport. Etransport is the energy
used to separate and transport electrons to one side and holes to the other side and is therefore
responsible for the current output of the device (for those who are meticulous, note that this is less than
the transport energy described in the previous paragraph because I didn’t take into account the effect of
surface recombination there). H is all other sources of heat loss such as the initial energy immediately
lost as heat when the electron absorbs a photon because the quasi-Fermi energy levels are in between
the band edges).
and is the free energy that the external circuit can
get from the electron and hole leaving the solar cell. By increasing the asymmetry built into a device’s
structure (
) increases. By changing the operating boundary
conditions of the device one can vary
relative to
so as to vary the
current and voltage supplied by the device.
†
The diffusion current increases negligibly though, since the buildup of charge at the contacts
is small; it doesn’t take a lot of electrons to create a strong counter electric field. If the surface
recombination had been really fast, diffusion might even have pulled carriers to their correct electrodes
(though they are pulling an equal number of incorrect carriers as well). Thus it is mainly the change in
the electric field that should be considered as the reason for the disappearance of asymmetric charge
transfer.
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or to the left* and thus wander around freely until they recombine with a charge carrier of the
other type [1] [21].
The proper definition of the boundary conditions for the steady state open circuit
boundary condition is that the hole flow is equal to the electron flow at the electrodes. This
ensures that no net current leaves the device. The fact that the device is at steady state means
that the stricter condition that the hole flow equals the electron flow at all locations also holds.
This ensures that there is no change/buildup of charge density anywhere in the device [21].
Steady state need not be exactly when the built-in field is nullified, though it is in this case†.
From a thermodynamic viewpoint the reduction of the built-in field raises the Fermi
energy level of the cathode and lowers the Fermi energy level of the anode with respect to
each other. At open circuit boundary conditions the maximum amount of charge accumulation
at the contacts occurs, leading to the minimum built-in field strength, and therefore the
maximum separation between the contacts’ Fermi energy levels ( i.e. the maximum voltage
the device can generate). The difference between EF,N and EF,P is the maximum amount of
work available (free energy) by extracting an electron and a hole from the absorber. We see
that using blocking contacts with EF,C = EF,N and EF,A =EF,P† at the open circuit boundary
condition enables us to use the maximum free energy from each electron and hole as they
leave the absorber. The only problem is that at the open circuit boundary condition no carriers
flow out of the absorber. This is the exact opposite of the short circuit boundary condition
where many carriers flowed out of the device, but no usable energy could be derived from
them. It is when the solar cell is operating between these two conditions that it provides
energy to an external circuit.

4.2 How leakage current affects the open circuit voltage: Are blocking
contacts necessary for a solar cell to work?
In the next few sections I will go into great detail about how contacts work because
this is the topic of my research and because these details influence which contacts one should
choose for a solar cell. We saw in the previous section that the presence of a built-in field
broke the symmetry of current transport so that when light was absorbed a net current of
electrons flowed to the cathode and a net current of holes flowed to the anode [20] [21]. The

*

surface recombination could pull carriers toward the contacts, but because the contacts are
blocking surface recombination is negligible
†
The Fermi energy levels of the contacts, EF,C and EF,A, were chosen with the knowledge of
exactly how much EF,N and EF,P would split upon light exposure (this depends on the internal
recombination rates and, in reality, is nearly impossible to know exactly). Because E F,C = EF,N and EF,A
=EF,P the field was nullified. Actually, even in this case there is an ever so slight, for all intents and
purposes negligible, electric field because the leakage currents aren’t zero. Sections 4.2-4.4 will
develop the electric field’s dependence on the leakage current in more detail.
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fact that the contacts were blocking added to the current asymmetry by reducing the leakage
currents (surface recombination). Leakage currents can lead to a large reduction in the current
flowing out the solar cell in certain situations because they create a charge carrier gradient
that causes carrier diffusion in the direction of the leakage current (the wrong direction).
Near short circuit conditions the built-in field is strong enough to direct carriers to the
correct contacts* and so the losses from leakage currents is minor [34]. Thus whether the
contacts are blocking or not makes little difference in this regime.
As the solar cell operates at higher voltages (i.e. the electrodes’ Fermi energy levels
separate more) the built-in field weakens and the leakage current increases. One way the
leakage current manifests itself is as a reduced fill factor because the current output at a given
voltage is reduced. This reduction in current output really begins to have an impact near the
open circuit condition because in this regime the built-in field is very weak and diffusion
becomes dominant. The second way the leakage current manifests itself is by reducing the
open circuit voltage [34]. We can intuitively understand this by using an alternate definition
for the steady state open circuit condition than the one presented in 4.1.2. The steady state
open circuit condition can be defined as the state at which the total photogeneration rate is
balanced by the total recombination rate. As the solar cell’s voltage increases the leakage
current, i.e. the surface recombination rate, increases and the bulk recombination rate also
increases because carriers spend more time in the device. Thus we see that increasing the
surface recombination rate means that the balance between generation and recombination will
happen at a lower voltage [14] [43].
This brings us to the answer of the question are blocking contacts necessary? To
clarify, the question is not whether a solar cell needs a way to break the symmetry of current
transport (the answer to that is obviously yes), but rather whether the asymmetry caused by a
sufficiently strong built-in electric field is enough or does one need contacts that are also
asymmetric in their interfacial transfer kinetics†. If the total surface recombination rate for
non-blocking contacts is much smaller than the bulk recombination rate at open circuit
boundary conditions then blocking contacts are not necessary‡. It appears that the surface
recombination rate is relatively low because of the large open circuit voltages of state of the
art devices (both inorganic and organic) that do not use blocking layers [8] [44] and this will
be the implicit (and very important) assumption I make for the rest of the introduction unless

*

One can conceptually look at the current flow as

(

)

so that it

is the competition between the electric field and diffusion which determines the velocity of charge
transport [1].
†
The reason I approach the question this way is that state of the art organic solar cells have
strong built-in electric fields while often having contacts of questionable interfacial selectivity. Having
blocking contacts will always help solar cell performance, but the question is by how much.
‡
See section 4.5 for more about whether blocking contacts are necessary or not
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otherwise stated. As will be talked about in sections 4.5 -5.1, it is unclear if this assumption is
good, especially for organic bulk heterojunction solar cells, which are very thin, causing
charges to always be close to an electrode.
Let’s take a closer look at what actually occurs at the interfaces. Even though I have
already described how leakage currents affect solar cell performance, going through this in
more detail will give us tools that will help us discuss how the energy levels of the contacts
specifically affect solar cell performance. In the previous section, I showed how a solar cell
went from equilibrium in the dark, through a transient charge distribution, to a final steady
state system. This is illustrative for understanding how a solar cell works, but it is a little
cumbersome for being able to investigate a device’s steady state behavior at open circuit
conditions. Here, I introduce a fictitious situation which makes it easier to think about the
open circuit condition. Since the consequences of many of the contacts’ properties become
most apparent in a solar cell near the open circuit condition, this method will help us
understand how contacts affect a solar cell better.
Imagine an isolated absorbing layer that is exposed to light and allowed to reach
steady state. Then bring the anode and cathode into contact with the illuminated absorbing
layer and figure out what steady state should look like. The steady state distribution of
charges and fields from this sequence of events should be exactly the same as in the steady
state reached when the solar cell is made in the dark and then illuminated. This is essentially
saying that one does not need to know the initial charge distribution of the device in the dark
in order to know the steady state charge distribution of the illuminated device [18].
Using this method, we can discuss why choosing the blocking contacts I did yielded a
high open circuit voltage. I will return to using the definition of the steady state open circuit
condition from 5.02 because it is more intuitive for this discussion. As a reminder, it states
that the hole flow is equal to the electron flow* in every location, especially at the electrodes.

*

I am referring to the flow of particles. This could also be stated as “the hole current is equal
and opposite to the electron current”.
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Figure 14 A) Like Figure 13 this solar cell uses blocking contacts B) In the first instant that the
materials come in contact EF,A=EF,P and EF,C=EF,N so that only leakage currents symbolized by
the #1 arrows takes place. In order for steady state to be reached a small current from the #2
arrows must flow as well

In Figure 14 B we see that there is a huge gap between the hole quasi Fermi energy
level, EF,P, and the cathode’s Fermi energy level, EF,C. Likewise, there is a gap between EF,N
and EF,A. The current of holes going into the cathode and the current of electrons going into
the anode (the #1 arrows) are only small because the contacts are blocking contacts. These
leakage currents must be balanced by an equal current of the opposite carrier (i.e. the desired
carrier) in order to maintain steady state (see the #2 arrows). In the case of the right hand side
of the device, the electron quasi-Fermi energy must bend down slightly as it approaches the
cathode to supply an electron current that balances the hole leakage current. The electron
current could either be a diffusion current or a drift current depending on the Fermi energy
level of electrode (see section 4.3 and 4.4). In any case, the fact that the electron quasi-Fermi
energy level bent downwards means that some of the free energy of the electrons is lost [21].
Since the blocking cathode greatly reduces the leakage current, the balancing current is also
small and the electron quasi-Fermi energy level bends downward very little. Thus, very little
of the electron’s free energy is lost.
If I replaced the electrodes in the previous example with metals which also have work
functions such that EF,A = EF,P and EF,C = EF,N we see a different story. The big difference is
that charge carriers are free to enter into the wrong electrode.
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Figure 15 A) The band diagram of the individual components before electrical contact is made.
B) In the initial moments after electrical contact is made leakage currents occur denoted by the
#1 arrows. This charges the contacts creating an electric field that pulls in the correct current
denoted by the #2 arrows C) Steady state is reached in which the #1 and #2 currents from part B)
are balanced. We see that there is slight band bending near the anode and cathode. Thus the
difference between the metal electrodes is less than the difference between the quasi-Fermi
energy levels and the Voc has been reduced

Initially, only the wrong carriers enter into the electrodes (see the #1 arrows in Figure
15 B) because the choice of the electrodes placed EF,A = EF,P and EF,C = EF,N. This produces a
field that draws the correct carrier into each electrode (see the #2 arrows in Figure 15 B). The
electric field built up by the incorrect carrier will increase until the two carrier currents into
each electrode are equal and steady state is reached (see Figure 15 C). It may look like the
currents are not equal, as the slope of one of the quasi-Fermi energies is much larger than
other, but it is the slope times the carrier density that gives current in equation 6 and 8. Let’s
look at this process in more detail using the cathode as our example. The hole leakage current
is the sum of a diffusion current that is opposed by a drift current in the opposite direction.
The compensating electron current is only a drift current (this is specific to the case where
EF,C=EF,N). More simply, holes diffuse into the cathode despite a field pushing them back into
the bulk of the material. Electrons are swept into the cathode. It is for these reasons that these
two currents look drastically different, yet are equal in magnitude.
Electrons and holes barely enter the metal electrodes, if at all, before they recombine
[1]. Each metal is composed of a continuum of electronic states. When an electron comes to
the metal it can easily give off a series of phonons and drop towards the metal’s Fermi energy
level. Likewise holes can easily rise towards the metal’s Fermi energy level. When a hole and
electron occupy the same energy level, they have recombined. Thus when a hole and electron
reach the surface of the metal they nearly instantaneously recombine. All the photo-generated
carriers near the interfaces recombine and this is why the electron and hole quasi-Fermi
energy levels converge to the same value at each interface [1].
This metal contact solar cell, like the blocking contact solar cell, produces a voltage
since the quasi-Fermi energies have different values at the right and left electrodes. A
calculation of the leakage and compensating currents discussed above can explain why the
quasi-Fermi energy levels meet at different energies on either side. However there is a more
intuitive explanation. The metal and the absorber are constantly exchanging carriers very fast,
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faster than carriers are reaching the interface from the bulk of the absorber (this is why all the
photocarriers recombine at the interface). This means that inside the absorber, extremely close
to the interface, the distribution of carriers is fixed to the distribution of carriers inside the
metal [33]. In other words, the Fermi energy level of the absorber at the interface is equal to
the Fermi energy level inside the metal*.
The electric field that is built up in this experiment points in the same direction as the
built-in electric field of a solar cell in equilibrium in the dark. One can connect the steady
state of this gedanken experiment with the real transient process of a solar cell. When a solar
cell is illuminated in open circuit conditions charge begins to build up in each electrode to
nullify the field. However, steady state is reached before the built-in field is completely
nullified because a balance between the leakage current going into the electrodes and the
current of the desired charge carriers going into the electrodes is achieved. This means that
the Voc reached by the solar cell with metal contacts is slightly less than the difference of the
work functions of the metals† [1].
As was mentioned before, there is a complex interplay between diffusion, drift,
charge generation, and recombination such that the exact amount of band bending cannot be
predicted without numerical simulations. It may even be that though I have qualitatively
depicted all the relevant processes, metal contacts produce almost the same Voc as blocking
contacts. Truly settling this question is beyond the scope of this research. Here I am only
attempting to describe the physical processes and qualitative implications that are due to
having non-blocking contacts.
In light of the experimental evidence that metal contacts work nearly as well as
blocking contacts [44] it seems that it was the choice in cathode and anode Fermi energy
levels that led to the high open circuit voltage, namely EF,C = EF,N and EF,A =EF,P. The quasiFermi energy levels in the bulk of the absorber were of course determined by recombination
in much the same way as they were in section 3.5. In practice, one does not exactly know EF,N
and EF,P and one does not have absolute control of EF,C and EF,A so it would be pure luck to
have a cathode and an anode that meet this condition. In the next two sections I will show
what happens when the anode and cathode Fermi energy levels are above or in between the
quasi-Fermi energy levels of the absorber.

*

This, by the way, is the reason that many numerical simulations of solar cells only look at the
absorbing semiconductor. One can define the boundary conditions of the absorber so that the quasiFermi energy levels at the edges equal the metals’ Fermi energy levels and then all the physics that
happens at the metal surface and inside the metal can be ignored.
†
This uses the assumption that there are no dipole effects at the contacts (which is not right in
most real life situations). Usually dipoles formed at metal-polymer interfaces reduce the open circuit
voltage.
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4.3 Quasi Fermi energy levels in the absorber define the maximum limit
to the open circuit voltage
Let’s discuss what happens if we use metal electrodes with Fermi energy levels that
exceed the absorber's quasi-Fermi energy levels.
A)

B)

①

②

②

①

C)

Figure 16 A) An anode with a very low Fermi energy level and a cathode with a very high Fermi
energy level are connected with an illuminated absorber. The anode injects holes into the
absorber and the cathode injects electrons into the absorber. B) This injection causes band
bending at the edges. The #1 arrows indicate that the wrong carriers also want to enter the
electrodes because of the difference in quasi-Fermi energy levels. This leakage current increases
the band bending at the interfaces and pulls the correct charge carriers into the electrodes as
well, indicated by the #2 arrows. Steady state is reached when when the currents depicted by the
#1 and #2 arrows are equal. C) The steady state band diagram for this system.

For concreteness I will discuss the cathode; the same analysis holds for the anode.
When the cathode and the absorber are connected to the absorber, we see that electrons want
to flow from the cathode into the absorber (see the arrow in Figure 16 A) and holes from the
absorber want to flow into the cathode like before (see the #1 arrow in Figure 16 B). We will
analyze the system by iteratively going through different intermediate stages until we finally
arrive at true steady state. Once again, this is only a conceptual tool to arrive at the final result
and does not describe the real physical process. First, let’s consider only electron currents at
the interface and assume that the holes can’t cross the interface. Like in any other
semiconductor interface, electrons diffuse into the absorber until a field is built up that pulls
electrons back towards the cathode and equalizes the Fermi energy level of the cathode with
the absorber’s electron quasi-Fermi energy level (see the band bending in Figure 16 B). This
field also pushes holes away from the cathode (this is reasonable because the cathode is
positively charged due to the electron exchange). We now allow holes to move across the
interface and we still see that holes want to enter into the anode (thus the equilibrium we get
from these considerations should still be the same equilibrium as if we considered all the
processes together at the same time). This leakage current is going to be smaller than in the
example with metal contacts in section 4.2 because there are fewer holes with enough energy
to cross the potential barrier. Nevertheless this leakage current continues to charge the
cathode positively such that now electrons want to return to the cathode. Steady state is
reached when the electron and hole currents into the cathode finally equilibrate.
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This leakage current is less than the previous case using metal contacts in section 4.2
and thus the extra field produced between Figure 16 B and C is less*. This part of the field is
the part that reduces the Voc below the difference between the quasi-Fermi energy levels in
the bulk of the absorber. Thus even though we chose metals with a large difference in Fermi
energy levels (i.e. the device had a stronger built-in field), the resulting open circuit voltage,
while being slightly larger than the previous case in section 4.2, remained less than the
difference between EF,N –EF,P. This shows that the difference between the quasi-Fermi energy
levels is the absolute limit of voltage that we can get [1] [45].
The same type of analysis can be used for blocking contacts which have Fermi energy
levels above the quasi-Fermi energy levels. The end result will also be that the best we can
get will be the difference between the quasi-Fermi energy levels. The only difference is that
some of the band bending will happen inside the semiconducting contacts instead of just
inside the absorber (depending on how highly doped the contacts are).
Since it is in fact the absorber that ultimately limits the voltage some of the best ways
to improve voltage beyond good contacts are to choose an absorbing material with a larger
band gap [46], reduce the internal recombination inside the absorber [43], or increase the
amount of light absorbed for a given thickness [14]. All of these things increase the voltage,
though by far the most dramatic increase will be from using a material with a higher band
gap. It was discussed in section 2.1, though, that there is an optimal band gap for maximum
efficiency (remember we want to produce as much current as possible as well).

4.4 Weak asymmetry can limit the open circuit voltage: the effect of
small built-in fields
It is equally interesting to see what would happen if we use metal electrodes with
Fermi energy levels that are in between the quasi-Fermi energy levels of the absorber. The
extreme case is when the anode and the cathode have the same work function. I will use the
same gedanken experiment as before, but without showing the intermediate steps. First, I
simply note that both holes and electrons want to diffuse into both electrodes (Figure 17A).
Assuming the mobility for holes and electrons are nearly the same, then the hole diffusion
current achieved as the hole quasi-Fermi energy level slopes up to match the electrode Fermi
energy level is the same as the electron’s diffusion current. Thus steady state is achieved
without any net charge redistribution or creation of an electric field (see Figure 17 A). Since

*

This situation, where there is a higher concentration of holes near the anode than in the bulk
of the absorber and where there are more electrons near the cathode is analogous to doping the
absorber. In fact this is how a PIN silicon solar cell works and why doping the absorber can lead to
reduced leakage current and larger Voc.
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the electrode Fermi energy levels were equal in the dark, they remain equal in the light. This
means that no voltage is produced and the solar cell is unable to generate power [1]!
B)

A)
EF,N

EF,A

C)

D)

EF.C

EF,P
EF,C - EF,A = 0

EF,C - EF,A = EF,N - EF,P

EF,C - EF,A < EF,N - EF,P

EF,C - EF,A > EF,N - EF,P

Figure 17 The steady state open circuit band diagrams for solar cells with anode and cathode
pairs with increasingly different Fermi energy levels (solar cells which have increasing built-in
fields when they are in equilibrium in the dark)

Let’s move on to the case where the Fermi level of the anode is higher than the hole
quasi-Fermi level and the Fermi level of the cathode is lower than the electron quasi-Fermi
level (Figure 17 B). Going through the gedanken experiment again (not shown in the figure),
before band bending occurs there are only diffusion currents. There are more holes going into
the cathode than there are electrons going into the cathode. Thus to achieve steady state, an
almost insignificant electric field is produced, which is just enough to reduce the flow of
holes into the cathode and increase the flow of electrons into the cathode so that steady state
is reached. This field slightly lowers the cathode’s Fermi energy level with respect to the bulk
of the absorber. Applying this information to the operation of the entire solar cell we see that
the voltage produced is a little less than the difference between the electrodes’ individual
Fermi energy levels and far less than the difference between the quasi-Fermi energy levels in
the bulk of the absorber [45]. For comparison, I’ve included the two cases from sections 4.2
and 4.3, the case where the Fermi energy levels of the electrodes equals the quasi-Fermi
energy levels (Figure 17 C) and the case where the electrodes are farther apart than the quasiFermi energy levels (Figure 17 D). We see that non-blocking electrodes can limit the voltage
produced if they have Fermi energy levels that are in between the quasi-Fermi energy levels
[47] [45]. This is because the asymmetry introduced by the built-in field created by those
contacts is not strong enough*.
What about blocking contacts, how do they behave? First, I would like to simplify the
picture by examining only one side of the device. We have seen from the previous examples
that the middle of the solar cell was flat and unaffected by the contacts. One might find this
puzzling as I previously used the assumption that the two contacts could “see”/interact with
each other when considering a solar cell in dark equilibrium in section 4.1. However, this was
for an intrinsic semiconductor/insulator in the dark, where the electron and hole densities
*

the stronger the built-in field is, the less it is nullified by charge redistribution after light
exposure. Roughly speaking, this "excess field" indicates that the asymmetry is stronger than what is
needed to harness most of the free energy available in the splitting of the quasi-Fermi energy levels
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were very low. Charge movement can screen electric fields (see Debye screening [41]) and
high photogenerated charge carrier densities can effectively isolate the two contacts from
each other*. Thus I can look at each contact separately in order to understand how the device
will behave.
Let’s examine the hole blocking cathode. Unlike in the example with metal contacts
where the hole diffusion current (leakage current) into the cathode was larger than the
electron diffusion current into the cathode, here we see that the hole diffusion current is much
smaller than the electron diffusion current (see Figure 18 A). This means that electrons will
accumulate inside the cathode and holes will accumulate inside the absorber near the interface
between the cathode and the absorber. This causes both band bending in the absorber and in
the cathode† (see Figure 18 B) and serves to lift the cathode's Fermi energy level up closer to
the electron quasi-Fermi energy level in the bulk of the absorber.

This band bending

increases the voltage supplied by the device‡ [48]. This means that the asymmetry added by
the blocking contacts increases the voltage above what the built-in field could produce by
itself.
A)

Absorber

EF,N

Selective
Cathode

B)

C)

EF

EF,P

Figure 18 A) Half of a solar cell that is approaching steady state at open circuit boundary
conditions. At this point in time the built in electric field has already been canceled. The
illuminated absorber is connected to a hole blocking cathode whose Fermi energy level is lower
than the electron quasi Fermi energy level in the absorber. This leads to a diffusion current that
pulls electrons into the cathode. B) This creates an electric field that moves the Fermi energy
level of the cathode upward with respect to the absorber. The field increases the number of holes
next to the cathode and this increases the recombination between electrons in the cathode and
holes in the absorber (see the arrows in the picture). C) This back current of electrons eventually
equals the flow of electrons into the cathode and steady state is reached. A small quantity of holes
also have enough thermal energy to enter the cathode and is depicted by the quasi-Fermi energy
level split in the cathode near the interface.

*

I suppose that if the device were thin enough the contacts would still affect each other, but
I’m not going to consider this case as it only complicates things
†
The extent that the band bending is divided between the absorber and cathode depends on the
chemical capacitances/doping levels of the cathode and absorber [41]. Additionally, this band bending
will be very near the interface and one might even think of it as a dipole layer.
‡
While it may be counter intuitive, this band bending is in the direction opposite to the builtin electric field that exists in the dark. See section 4.5 for more information.
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If electrons continue to flow into the cathode unabated and holes continue to be
blocked, then the band bending will increase until the cathode’s Fermi energy level nearly
equals the electron quasi-Fermi level in the bulk of the absorber. This would be great if it was
the case, because it would mean that the asymmetry produced by the interfacial selectivity of
a pair of blocking contacts is strong enough to create the maximum voltage allowed by the
absorber. Furthermore, a pair of blocking contacts would not need to create a high built-in
field, so the requirements of a high Fermi energy level (low work function) for the cathode
and a low Fermi energy level for the anode would not be necessary* [21] [48] [49]. However,
the band bending caused by the selectivity of the contacts also assists the leakage current and
opposes the correct current. These two effects decrease the solar cell's fill factor and reduce
the selectivity of the contacts, possibly limiting the open circuit voltage.
By examining a few real materials used in solar cells we see evidence that contacts
that at first glance appear to be able to be blocking contacts are not as selective as we want
them to be and that this may be due to a leakage mechanism which wasn’t explicitly taken
into account in the previous sections. Fluorine doped tin oxide, FTO, is a transparent
conducting oxide which is n-type doped and has a valence band level so low that it should be
a hole blocking contact [50] [51]. Its Fermi energy level is in the middle of the band gap of
most semiconductors used as absorbers [52]. Thus it wouldn’t make a very good cathode if it
acted like a metal, but if it acted like a hole blocking contact then, using the above reasoning,
we should be able to get a high Voc when using FTO as the cathode. In reality we do not see
that using FTO gives a high Voc [53]. A plausible explanation is that band bending draws
holes closer to the interface and that this increases the recombination rate of electrons
dropping down from the cathode’s conduction band and recombining with the holes in the
valence band of the absorber (see Figure 18 B). This recombination rate would be especially
high in FTO because FTO is a degenerately doped TCO, meaning that there are many
electrons in its conduction band which can participate in recombination. This would account
for why FTO electrodes do not show any selectivity.
Returning to the example of the general blocking contact presented above, the band
bending due to the selectivity of the blocking contact increases the voltage produced by the
solar cell as well as increases the surface recombination. This surface recombination becomes
strong enough that the hole leakage current equals the electron current and steady state is
reached before the blocking cathode's Fermi energy level aligns with the absorber’s electron
quasi-Fermi energy level (see Figure 18 C). This is a very complicated description and not
much is known about the rates of recombination rates or the charge distribution near these

*

See section 4.5 for more details
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interfaces so this is speculation that is meant to motivate and guide future research on
blocking contacts.
The take home message from this section is that the voltage produced by a solar cell
is greatly decreased by an improper choice of the work function of the contacts [45]. A weak
built-in field may be compensated by using interfacially selective contacts and for maximum
performance one should have both blocking contacts and a high built-in field [21].

4.5 Summary of the photovoltage and a comparison of drift and diffusion
based solar cells
In conclusion, the maximum open circuit voltage is determined by the quasi-Fermi
energy levels of the electrons and holes in the absorber [1], which themselves are essentially
limited by recombination to the conduction and valence band edges of the absorber [14]. This
voltage can be further limited by choosing contacts which, by virtue of having Fermi energy
levels in between the absorber's quasi-Fermi energy levels and having poor interfacial
selectivity, do not introduce enough asymmetry into the device [36].
As mentioned in section 4.2, it appears that in most photovoltaic devices the surface
recombination rate is much smaller than the bulk recombination rate. Thus the quasi-Fermi
energy level splitting in the absorber is determined by the balance between bulk
recombination and photogeneration. In this case, if a device has a sufficiently strong built-in
field, surface recombination accounts for only a minor loss in photovoltage and using
blocking contacts can only modestly improve the open circuit voltage [44]. In cases were the
surface recombination rate becomes a significant fraction of the total photogeneration rate,
such as when the absorber is very thin, contacts reduce the splitting between the quasi-Fermi
energy levels throughout the absorber. In this case, blocking contacts become necessary to
achieve good solar cell performance.
This may seem at odds with many great works in the literature which claim that
contacts which are interfacially selective, so that they extract one charge carrier type while
blocking the extraction of the other, are an essential component of solar cell operation [6] [1]
[33]. This can be intuitively resolved by dividing solar cells into two groups, those that use a
built-in field to break current symmetry and those that use interfacial selectivity to break
current symmetry [48] [21]. In the former case charges flow to the correct electrodes via a
drift current * and in the latter case charges flow to the correct electrodes via a diffusion
current.

*

A small clarification needs to be made. The built-in field can provide the asymmetry needed
without being present everywhere, like it was in section 4.1. The drift current in one region can create a
charge imbalance resulting in a diffusion current in another regions [4]. This is what happens in the PN
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To further elaborate on these types of solar cells, let's consider an experimental setup
where a solar cell’s contacts are connected to an opposing voltage (power) source so that we
control the difference between the Fermi energy levels of the contacts (which changes the
electric field inside the solar cell [33]). The solar cell drives current through the external
circuit when the contacts are held at a potential that is smaller than the open circuit voltage of
the device. The solar cell continues to drive current until the difference between the Fermi
energy level of the contacts equals the open circuit voltage of the device. Setting the
difference between the contacts greater than this causes charge to be injected back into the
absorber (similar to the situation described in section 4.3).
As has been seen in the previous sections, solar cells with a built-in field will stop
supplying current to the external circuit once the internal electric field becomes weak enough
that the drift current flowing to the contacts equals the diffusion leakage current flowing to
the contacts. The stronger the built-in field is, the farther we can separate the contacts before
current asymmetry is lost. Devices with strong enough built-in fields continue to supply
current up until their contacts are separated to nearly the splitting of the quasi-Fermi energy
levels in the absorber (the leakage current prevents them from reaching the maximum
possible open circuit voltage).
In solar cells using blocking contacts charge carriers reflect off the wrong contact,
creating an accumulation of carriers on that side, and are extracted from the correct contact,
creating a depletion of carriers on the that side. This leads to a carrier concentration gradient
which supplies current to the external circuit via a diffusion current. When we separate the
Fermi energy levels of the contacts, an electric field is created which generates a drift current
which opposes the diffusion current [48] [54]. If the interfacial selectivity is strong enough,
the solar cell will continue supplying current until the contacts' separation is equal to the
splitting of the quasi-Fermi energy levels of the absorber, meaning that the device achieves
the maximum attainable open circuit voltage. What does strong enough mean in this case
though? Works that say that selective contacts are fundamental to solar cell design often
assume perfectly selective contacts [55]. Thus, no matter how large the concentration of the
blocked carrier is next to a perfect blocking contact, the leakage current is negligible. This is
important because as we apply an opposing electric field (assuming that there was no built-in
field to begin with) more and more of the wrong charge carriers build up near their respective
blocking contacts (see Figure 19 C, which shows a device with perfect blocking contacts).
This accumulation increases the charge carrier gradient so that the diffusion current can

junction. Thus when I talk about a device being drift or diffusion based I am referring to what is the
initial source of current asymmetry in the device and not that only drift or diffusion current occurs in
the device.
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overcome the drift current and the device can continue to supply current to the outside circuit.
We saw in Figure 18 that semiconducting blocking contacts are imperfect; when the
“blocked” charge concentration gets too large, the leakage current greatly increases. Thus, for
realistic purely diffusion based solar cells the net current out will equal zero before the
contacts are separated to the quasi-Fermi energy level splitting because a balance between the
leakage current and the diffusion current moving carriers in the right direction is reached.
When considering drift and diffusion based solar cells from a theoretical perspective
based on the drift-diffusion equation, both types have the potential to work well. When
implementing these devices with real materials, however, specific properties of the materials
are more conducive to one type or the other. Drift based inorganic solar cells often achieve
near optimal open circuit voltages [8]. While solely diffusion based inorganic solar cells
could work [21], they probably would not work well. This is because truly enormous
quantities of the wrong carrier would need to be close to the blocking contacts in order to
achieve the maximum open circuit voltage and, given the leakage mechanism described
earlier, this situation seems unlikely to occur. In other kinds of solar cells, specifically organic
solar cells, we find that diffusion based solar cells can be quite efficient [20] [21] [48]. This is
because charge carriers exist in separate phases. This enables device geometries such as those
used in bilayer (depicted in Figure 19 D-F) and dye sensitized solar cells where charges
accumulate at a charge generating interface rather than at the electrodes. At these charge
generating interfaces recombination is quite slow and significant charge accumulation can
take place, unlike at semiconducting blocking contact interfaces. This enables these solar cells
to attain very high Voc’s* [48].
There is some evidence that organic bulk heterojunction (BHJ) solar cells (the type
that I will be investigating in my thesis and which I talk about in the next section) can be
based on diffusion, similar to bilayer organic devices [49]. However, a BHJ solar cell with no
built-in field and a high Voc has not been demonstrated yet. Furthermore, there is abundant
evidence that open circuit voltages vary linearly with the built-in fields [36] [44], leading to
the conclusion that most BHJ solar cells rely heavily on the built-in field for asymmetry [36]
[44]. In light of this, emphasis in this thesis was placed on drift based solar cells. This is still
not a closed issue though as the open circuit voltages in these devices are less than the

*

The comparison between the diffusion driven solar cells using a single inorganic
semiconductor and the organic semiconductor bilayer is somewhat unfair, especially as depicted in
Figure 19. The organic semiconductors in D-F have a larger band gap than the semiconductor in A-C.
Thus there actually is a voltage loss in the bilayer cell that is hidden in the picture. If the solar cell in C
had the same band gap as the bilayer’s semiconductors it could attain the same Voc (i.e. it would have
a voltage loss) without having carriers accumulate to a level that would be unreasonable for a blocking
contact. Thus it seems that solely diffusion based solar cells always have a voltage loss (compared to
the quasi-Fermi energy level splitting of the absorber). Another aside, is that even a little built-in field
in the device in Figure 19 A-C would have reduced the carrier accumulations as depicted in Figure 13.

43

effective band gap height and so using blocking contacts to increase the device's asymmetry
might improve these devices*.
Illuminated
Device supplies current

Dark

A)

B)

C)

EF,N
EF,P

EF

Charge generating
interface

D)

Illuminated
Open circuit

E)

F)
EF,quasi

EF
EF,quasi

Figure 19 A) Shows an inorganic semiconductor with perfect blocking contacts. There is no built
in field. B) The contacts create a carrier distribution gradient upon like exposure which we (the
outside circuit) oppose with an externally applied electric field. C) The externally applied drift
force equals the diffusive force, the quasi-Fermi energy levels are flat, and no current flows. The
arrows indicate huge concentrations of the wrong carrier which can only exist because I assumed
that the contacts block them perfectly. The maximum diffusive force was determined by
recombination in the bulk which set the maximum amount of carriers allowed in the device. D) A
bilayer solar cell which uses organic semiconductors (the red and blue materials). In this device
metals contacts are used instead of blocking contacts. E) Absorbed light generates excitons which
are converted into free carriers at the interface between the red and blue organic
semiconductors. Carriers of only one type are generated in each semiconductor (electrons in the
blue and holes in the red), so we can describe carrier distributions by a single quasi-Fermi energy
level in each of them. Since carriers are only generated in the middle of the device they diffuse
towards the contacts, even when we oppose them with an electric field. F) The device has
reached the open circuit condition. Since electrons and holes exist in separate phases and are in
contact with only one electrode there is no need for blocking contacts. The open circuit voltage is
determined by the recombination rate at the interface between the two semiconductors.

5 Organic photovoltaic cells
5.1 Introduction
There are many types of organic solar cells, but I will discuss only one type, the
polymer bulk heterojunction (BHJ) photovoltaic cell [12] [56] [28] [36]. This kind of solar
cell is typically a mixture of a conjugated polymer and a fullerene derivative (a small

*

The lower photovoltages may be a result of the disorder in the HOMO and LUMO bands and
not the need for selective contacts however as discussed in the next section. This in fact seems more
likely since large built-in fields are still not able to generate optimal voltages in these devices.
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molecule) which functions as the absorbing semiconductor which is sandwiched between two
electrodes, at least one of which is transparent. The differences between polymer BHJ cells
and the ideal solar cell discussed above will be touched on briefly and the reader is referred to
a host of literature to learn more [21] [20] [34]. Furthermore, though many combinations of
polymers and small molecules are used in this field, one specific combination will be
discussed, poly(3-hexylthiophene), P3HT, and [6,6]-phenyl-C61 butyric acid methyl ester,
PCBM. This system has become a model system which has been intensively studied [56] and
was chosen for this reason to be the type of solar cell used in my research on contact
phenomena.
The conjugated polymer, P3HT, is the light absorbing material with a wide band gap
of 1.8 eV [56]. When a photon is absorbed in a small section of the P3HT chain the electron
and the hole both reside nearly on top of each other. Soon afterwards, the molecular structure
of P3HT distorts in this region to slightly relax in energy. These two things create a situation
where it takes more energy to separate the electron from the hole than is available by thermal
excitation. Thus the electron-hole pair jump together as a single entity, called an exciton, from
polymer to polymer [28].
In order for a solar cell to operate, we need to have free electrons and holes which can
separately go to different sides of the device. PCBM’s lowest unoccupied molecular orbital
(LUMO), the equivalent of a semiconductor’s conduction band level, is much lower than
P3HT’s LUMO [57]. Thus the total free energy of the exciton residing on P3HT is larger than
if the hole is on a P3HT chain and the electron is on the PCBM molecule. This means that
there is a driving force that separates the P3HT and PCBM [58]. P3HT is called the donor
because it donates an electron to the PCBM molecule (this makes PCBM the acceptor).The
details of how these excitons split are still an open question. Excitons in P3HT have a short
diffusion length of around 10nm before they recombine [28]. Furthermore, they randomly
diffuse throughout the material, unaffected by electric fields since they are neutrally charged
[21]. Unless an exciton arrives at an interface between P3HT and PCBM it recombines and its
energy is lost. Therefore one wants as much interfacial area as possible. This is the reason that
P3HT and PCBM are mixed together in a single solution. When they are spin cast onto a
substrate they phase separate on the nanoscale and, if one optimizes the process, domains of
around 10 to 20 nanometers are created such that it is highly likely that a photogenerated
exciton will reach an interface and produce free charge carriers [59]. Phase separation is
important, because it improves mobility and keeps the electrons and holes away from each
other, reducing recombination [21]. As long as these domains are interconnected so that paths
exist that lead to one of the electrodes, carriers can exit the device.
Given this description, there are several ways that polymer photovoltaic cells stand
out. First, holes and electrons exist in separate phases. If P3HT and PCBM form a bilayer
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rather than a BHJ, then holes in the P3HT phase are only in contact with the anode and
electrons in the PCBM phase are only in contact with the cathode. Thus, for the bilayer
configuration, there is no need for selective contacts. The bilayer configuration has much less
interfacial area between P3HT and PCBM and thus produces less current. This is why the
BHJ configuration is used. Because P3HT and PCBM are in contact with both the anode and
the cathode in a BHJ the issue of contact selectivity is still important.
Another subtle ramification of charge carriers existing in separate phases is that it is
unclear how band bending works at these nanoscale interfaces [33]. It is possible that each
domain of P3HT or PCBM establishes an independent band alignment with the contacts and it
is also possible that electric fields in one domain penetrate into other domains and affect their
band alignments. We also see that because electrons reside on the PCBM LUMO level the
electron quasi-Fermi energy level is pinned below PCBM’s LUMO’s band edge. This means
that the maximum open circuit voltage is going to be close to ELUMO,PCBM - EHOMO,P3HT instead
of being close to ELUMO,P3HT - EHOMO,P3HT [10] [46]. Thus much research goes into choosing the
right donor acceptor pair and this kind of research has led to the largest increases in open
circuit voltage seen so far [60] [61] [62]. It is important to note that for these kinds of solar
cells the voltage produced is lower than the band gap of the absorber and thus polymer solar
cells efficiencies are usually well below the Shockley-Queisser limit [20].
Another huge difference between P3HT-PCBM solar cells and crystalline
semiconductors is that P3HT and PCBM form disordered/amorphous domains. Each molecule
experiences different electronic coupling with its neighbors, is contorted in different
geometries, and is surrounded by a different set of dipoles. Thus, each energy level of each
molecule is slightly different and the density of states can be described by a Gaussian
distribution of states [63]. The LUMO band edge is arbitrarily defined and the states below
the band edge are classified as trap states. This is quite different from the sharp band edges
which exist in inorganic crystalline materials. As a result of the broad density of states, the
chemical capacitance of the film grows quicker when the Fermi energy level approaches the
band edges so that, in general, the photo-induced quasi-Fermi energy levels are “pinned” to
energies lower than the “band edges” of the material [33]. This means that the voltage
produced by these solar cells is lower than the voltage produced from an imaginary crystalline
semiconductor with a band gap equal to ELUMO,PCBM - EHOMO,P3HT [33] [64]. Additionally, the
disordered energy states prevent band-like transport and carriers must hop from site to site
[63]. This causes P3HT and PCBM to have much lower mobilities than crystalline
semiconductors.
After reading about all the reasons P3HT-PCBM solar cells are worse than the ideal
theoretical solar cell we should remind ourselves that we are interested in this class of solar
cells mainly because of their mechanical properties. It is possible to use roll to roll processing
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to cheaply mass produce large area solar cells [7]. In addition these materials don’t need to be
deposited at high temperatures (in fact high temperatures ruin them) and don’t necessarily
need to be deposited at high vacuum. Disordered organic layers are far more flexible than
crystalline solids and organic solar cells can be easily made on flexible substrates. Flexible
solar cells require less support structure and are easier and quicker to install, leading to a
reduced installation costs. All of these things together may potentially reduce the cost per an
installed watt of these types of solar cells and so even if they aren’t the most efficient, they
may still be the most market viable [2].

5.2 The use of blocking layers in polymer BHJ solar cells
In section 1.2, on the goals of this research, I said that organic solar cells suffer from
reduced voltages and that blocking contacts can raise the voltage produced in solar cells. This
is not such a straightforward issue. In the previous section, I explained that polymer BHJ solar
cells lose voltage mainly because of the use of a donor and acceptor to split the electrons and
holes, and because disorder creates trap-like states that lower the maximum splitting between
the quasi-Fermi energy levels. If this is true, blocking contacts will not significantly improve
the voltages of polymer BHJ solar cells*. However it may be that surface recombination plays
a significant role in reducing the solar cells voltage, in which case, blocking contacts would
be extremely helpful. I also went into depth about how the Fermi energy level of the contacts
often affects the performance of the solar cell more than if the contacts are blocking or not,
but this is not a closed issue†. Thus it is important to investigate contact phenomena in organic
solar cells.
Apart from the improvements that selective contacts might give there is a second and
possibly even more important reason to develop a hole blocking cathode. Most solar cells are
made by depositing the absorbing material on a substrate with a transparent electrode. This
forms a very good electrical contact between the two layers [24]. There are a few ways that a
top contact can be added so as to form a good electrical contact, thermal evaporation and
screen printing conductive ink being the two most popular [7].
The normal configuration for organic solar cells is to use the bottom transparent
electrode as the anode and the top electrode as the cathode [59]‡. There are two reasons for

*

some articles suggest that dipoles form between the donor and acceptor that increases the
effective band gap [57] [108]. If this is the case it is likely that something else is also hindering voltage
produced by solar cells in addition to the other reasons listed.
†
the experimental evidence that motivated this conclusion didn’t exist at the start of this
research
‡
The term bottom contact refers to how the solar cell is manufactured. A solar cell is built on
top of the bottom contact. When the solar cell is completed the transparent side, in most cases the
bottom contact, is the side that faces the sun.
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this. The first is that tin doped indium oxide, ITO, is the most common bottom contact used
and it has a relatively low Fermi energy level which makes it easy to use as an anode. The
second is that very few commonly used materials are known to have the high Fermi energy
level necessary for a cathode, almost all of which are metals. Since these materials are not
transparent, they are used as the top electrode.
An unwanted consequence of this configuration is that the metal cathode is often
exposed to air, which is problematic because the metal’s low work function makes it readily
oxidized by air. This is one of the main ways that OPV’s quickly degrade in performance. A
semiconducting cathode could be placed on top, but the device would be even more stable if
the cathode was buried in the device as the bottom layer and the anode was exposed to air
[59]. This configuration, where the cathode is the bottom contact and the anode is the top
contact is called the inverted configuration. It is more stable since the exposed anode has a
high work function and is thus very chemically stable. Of course, this configuration requires
that the cathode be transparent*. If the cathode is a transparent semiconductor it is almost
always also a hole blocking contact too, since the requirement for a large band gap will place
the valence band very low in energy.
We have discussed how solar cells work and how organic solar cells work. We have
seen that a transparent hole blocking cathode is desirable because of the expected
improvement in voltage and the increase in stability of the solar cells. Now, I will explain the
experimental methodology of the research conducted.

6 Experimental Methods
6.1 An overview of work done
Strontium Titanate, SrTiO3, is a large band gap metal oxide [65] [66] [67] [68].
SrTiO3 doped with niobium (STN) was chosen to be used as the transparent cathode and
possible hole blocking layer in my research for reasons that I will discuss later in section 7.1.
I deposited STN using a pulsed laser deposition (PLD) system [65]. A variety of
characterization techniques were used to test if the deposited STN films had the necessary
properties † to function as bottom contacts in organic photovoltaic cells. I optimized the
deposition parameters and materials used until the STN films had the necessary properties. I
then made P3HT-PCBM bulk heterojunction solar cells using a well-known procedure,
incorporating the STN films as the bottom electrodes of the devices. The solar cells were then

*

The deposition conditions needed to place a transparent material on the top will almost
certainly damage the organic middle layer.
†
See section 7.1 for more details
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electrically measured under light to test their performance and I attempted to discover
relationships between material properties of the STN films and solar cell performance.
Additionally, I developed another way to elucidate STN’s behavior in solar cells by building
metal-insulator-metal (MIM) devices. These devices allowed various mechanisms that happen
in P3HT-PCBM solar cells to be measured separately.

6.2 The pulsed laser deposition system
In a PLD system an intense, nanosecond laser pulse strikes a small region of a target
composed of the material you would like to deposit [69] [70]. The laser quickly heats up the
target, causing a high energy plasma to be ejected from the target. This plasma expands
upward towards a heated substrate. Ions collide with the substrate and diffuse along its
surface until they bond with atoms on the substrate. In order to build a film of hundreds of
nanometers, thousands of pulses need to be used. This means that PLD systems are in
principle able to precisely control the thickness of the material.

Reactive gas

Laser
beam

Heater

Substrate holder
Plasma
plume
Target

Pumps

Carousel

Figure 20 An illustration of a pulsed laser deposition system

Another major advantage of PLD systems is that reactive gases, such as oxygen, can
be controllably introduced into the system. This is important because the substrate and sample
are usually heated above 300°C (this improves the deposited film’s crystallinity as will be
discuss in section 7.5). Oxygen ions are mobile in metal oxides at these temperatures and can
be exchanged with the gas in the chamber [71] [72]. Thus thermodynamic equilibrium exists
between oxygen vacancies in the deposited layer and the partial pressure of oxygen in the
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chamber if enough time passes*. Therefore, by controlling the oxygen partial pressure in the
chamber one can control the oxygen vacancy concentration in deposited films [73] [66].
Other methods like sputtering cannot approach the level of control that the PLD can in this
area.
An additional advantage of PLD systems is that the stoichiometry of the deposited
film is very close to the stoichiometry of the target when the deposition is carried out at the
right conditions (save for oxygen as mentioned in the previous paragraph) [74] [75]. This is
especially useful for multi-component systems, such as SrTiO3, where it is very difficult to
repeatedly get the same stoichiometry by other methods. Changing deposition parameters
such as laser fluence, the distance between the target and substrate (called the working
distance), and chamber pressure can fine tune the deposited stoichiometry.
These advantages lead to the ability to reproducibly control the properties of
deposited metal oxides and thus the PLD is well suited for this research. There are many
different important deposition parameters which you can change. The one major drawback of
the PLD system is that each deposition parameter affects more than one property of the
deposited film which can make optimization time consuming and difficult. Specific
deposition conditions used in this research will be discussed in section 7 of this thesis. A
PLD-workstation from Surface Gmbh was used in this study.

6.3 Ceramic targets for the PLD
The PLD system deposits films by ablating a target. In Avner Rothschild’s
electroceramics lab we make our own targets to provide flexibility in choosing doping
concentrations. I made an STN target using the following procedure. A thick slurry was made
by mixing 33.1156g of 99.994% pure SrCO3 powder, 17.5163g of 99.995% pure TiO2, and
0.5946g of 99.9984% pure Nb2O5 power (all powders were purchased from Alfa Aesar) and
adding VLSI grade isopropyl alcohol. ZrO2 milling balls (purchased from Tosoh Corporation,
Japan) were added and the solution was ball milled for 24 hours. After drying the solution, the
powder was heated in air at 1200°C for 16 hours to calcinate it (release CO2). Isopropyl
alcohol was added to the powder to make a slurry again and the slurry was ball milled for 24
hours and dried again. A binder glue (polyvinyl acetate) was then added (5% by weight) and
the powder was statically pressed by 5 tons into a disk 4.5 cm in diameter. The disk was then
isostatically pressed for 4 minutes at 200 MPa. Finally, it was heated in air, ramping up to
1,450°C, and sintered for 6 hours. The density was determined by weighing the target and

*

The time it takes to equilibrate depends on the temperature of the deposited film. For SrTiO 3,
it takes several hours at 350 °C and at 800 °C it happens in a few minutes at most and probably even
much faster.
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then placing it in water and measuring the rise in water to determine the volume (Archimedes’
method). This was compared to literature values for STN and it was found that the target had
a relative density of 67%.

For details about the process the reader is referred to Miri

Markovich’s PhD thesis [76]. I will discuss more on what makes a good target and what steps
in the target making procedure one should pay specific attention to in section 7.4.

6.4 Characterizing STN layers
6.4.1 Surface topography and layer thickness
The surface topography of films deposited by the PLD was primarily measured by an
XE-70 atomic force microscope (AFM) from Park Scientific Corporation. The AFM was
originally used in contact mode, however it was found that by using the tapping mode images
of much higher resolution could be obtained and the AFM tip would last longer. NSG30 AFM
tips from NT-MDT were used for the tapping mode measurements. In-lens and angled
secondary electron images from a Zeiss Ultra Plus FEG-SEM, a high resolution scanning
electron microscope (HR-SEM), were used to corroborate findings from the AFM. Part of the
research required fast development of STN so sample surface roughness was also measured
by a Veeco Dektak 150 surface profilometer. During this fast develop period the goal was to
make sure that there were no spikes on the film’s surface larger than 60nm and this was
confirmed by 3 profilometer scans each 1mm long or 3 AFM 10μm x 10μm scans of different
areas.
Layer thickness was first measured by cross section scans using the HR-SEM. There
was neither enough resolution nor enough contrast between the substrate and the deposited
layer to measure the thickness of very thin layers (<50 nm). The measurement also destroyed
the sample. A VASE ellipsometer from J. A. Woollam Co. was found to be a better tool for
measuring the thickness of very thin layers of STN. STN on STO was not measured this way
though, as these films were very optically similar.
Ellipsometry is an extremely good way to measure the optical coefficients n and k for
a film [77] [78]. It is also very good at precisely measuring the thicknesses of materials in a
multilayered stack non-destructively, even if the films are very thin (down to few
nanometers). It is beyond the scope of this thesis to go into the details of ellipsometry. Very
simply, the reflection coefficients of polarized light bouncing off a sample are measured.
Since light reflects off of each of the interfaces inside sample, the reflection coefficients
contain information about the refraction index, absorption coefficient, and thickness of each
thin film in the sample. By measuring these coefficients at many wavelengths and at several
angles of incidence enough information exists to determine each of these values. However,
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the equations relating the reflection coefficients to the desired material parameters are
extremely interdependent and are hard to solve. Thus, one guesses refraction indexes and
thicknesses of each layer of the material and then numerically optimizes them until they
produce reflection coefficients that are close to what is observed.
In order to analyze ellipsometric data a new model of the material being measured
needs to be created every time a different substrate is used or the deposition process
significantly changes the STN layer. This can be quite time consuming. At times a quicker,
more approximate method to measure the thickness of the sample was used. This involved
measuring the edges of the sample with a profilometer. When depositing in the PLD system,
the substrates are held by their edges and no film is deposited there. This forms a step
between the edge of the substrate and the deposited film which can be measured using a
surface profilometer. The profilometer measurements were close to measurements done by
ellipsometry, though they are usually lower than the actual film thickness.

6.4.2 Crystallinity and composition
When the deposited STN film was thicker than 100nm X-ray diffraction
measurements could be performed on it. These measurements could confirm the presence of
additional peaks from unwanted phases such as SrCO3, SrO, Sr2TiO4, etc. Furthermore the
width and height of the peaks indicate how crystalline the film is. High resolution X-ray
diffraction of STN on SrTiO3 was also performed and allowed an estimation of the
stoichiometry of the film by the precise measurement of the lattice parameter. A smartlab Xray diffractometer system by Rigaku was used for the HRXRD measurements.

6.4.3 Electrical Resistance
Ideally, Van der Pauw measurements on evaporated contacts should be used to
measure resistance because this gives the sheet resistance without having to guess some
corrective factor. The 4-point probe technique is close to being accurate and is not disturbed
by contact resistance (the resistance you measure is the real resistance of the film). It is only
when the contact resistance is so high that no current can be injected that the 4-point probe
doesn’t work. This in fact happens when dealing with low work function materials like STN.
It cannot be stressed enough, that if the STN sample appears to be insulating, one
must deposit good metal electrodes on top (not silver paint) and test again. It is not useful to
use 4-point probe measurements on metal electrodes. Ohmic metal electrodes have no contact
resistance making 4 point probe measurements unnecessary and the electrode’s geometry
interferes with the 4 point probes method of calculating sheet resistance. Again, during part of
the research fast development of STN was needed such that a quick method for measuring the
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electrical resistance was needed more than a precise method. A simple ohm meter measuring
the resistance across metal electrodes was enough to determine if the sheet resistance was
lower than 100Ω/□ (often the resistance was orders of magnitude larger).

6.4.4 Optical Measurements
Reflectance and transmission measurements of the film were made with a 950
Lambda UV-VIS spectrometer made by Perkin Elmer Inc. A sample’s reflectance was
measured by placing the sample in an opening in the back wall of the integrating sphere such
that behind the sample was a black enclosure. The sample was calibrated against reflectance
measurements with a mat white calibrating standard placed in the opening and without a
sample, so that the incoming beam entered the black enclosure. A sample’s transmittance was
measured by placing the sample at the entrance of the incoming beam to the integrating
sphere and was calibrated against a completely unblocked entrance (air) and an entirely
blocked entrance. The back opening was covered with the white calibrating sample during the
transmittance measurements.

6.4.5 Work function measurements
An Ultra High Vacuum Kelvin Probe System (UHV020) from KP technology was
used to measure the work function of the STN samples. A Kelvin probe forms a plate
capacitor using the sample as one plate and a reference probe as the other plate and uses air or
vacuum as the dielectric [23]. When the probe and sample are electrically connected charge is
transferred so that the Fermi energy level across the capacitor becomes flat. This means that
an electric field exists between the two plates*.
When the probe moves up and down charge must flow back and forth between the
probe and sample to maintain the electric field necessary for electrochemical equilibrium. The
Kelvin probe measures this current’s dependence on an externally applied voltage bias
between the probe and the sample. When the applied voltage equals the difference between
the probe’s and the sample’s work functions no current flows between the two plates as the
probe oscillates up and down. This voltage is called the contact potential difference, CPD.
Thus CPD = (WFsample - WFprobe)/q. In modern Kelvin probes a more sophisticated and
accurate method is used to determine the CPD.
If the probe’s work function is known absolutely then the sample’s work function can
easily be deduced. The probe’s work function was estimated by measuring the CPD of highly

*

Conceptually, an electron that left one plate and traveled through the dielectric and entered
the other plate would have the same electrochemical potential it had before.
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ordered polygraphene (HOPG). The work function of HOPG is fairly stable and was assumed
to be 4.6 eV, the average value reported in literature, thus allowing one to calculate WFprobe.
This method is far from accurate in giving the absolute workfunction, giving a systematic
error of ±0.2eV*. Since the probe does not change from sample to sample, the Kelvin probe
can be used to compare the work function between different samples very accurately. This is
the reason why the CPD of a Kelvin probe measurement is emphasized more than the
absolute work function of the sample and why it is reported more often in literature. Since the
Kelvin probe is extremely sensitive to the dipoles caused by surface treatments all of my
samples were spin coated with (1,3) dichlorobenzene twice before performing a Kelvin probe
measurement in air at room temperature. This should give measurements of the work function
that are closer to what occurs in real devices where the organic layer is spun coat onto the
bottom contact from a dichlorobenzene solution.

6.5 Making organic photovoltaic cells
After the STN samples were sufficiently characterized, they were used as the
substrate/bottom electrodes in P3HT:PCBM bulk heterojunction solar cells. To clean off any
dust that had accumulated on the surface during the surface characterization measurements
the STN samples were sonicated for 5 minutes in acetone, methanol, and isopropyl alcohol
(all of these solvents were VLSI grade) and then blown with N2 and dried on a hot plate at
110°C for 15 minutes.
For the next several steps to make sense I need to describe the geometry of the device
layout as well. Depending on the substrate holder used in the PLD, different samples had
slightly different STN coverage. For the glass/FTO samples, the FTO (fluorine doped tin
oxide) completely covered the surface of the glass and STN was deposited in a circle
spanning most of the substrate, but not the corners (see Figure 21). Pyralin, a polyamide
resist, was painted onto the bottom quarter of the substrate so that if a measurement probe
pierced through the P3HT:PCBM layer when they were pushed down to connect with the top
contact, they would touch the insulating pyralin layer and not the bottom electrode (otherwise
the probes would short the device). Pyralin was smoothly painted onto the surface with a
single stroke of a q-tip and then hardened on a hot plate at 200°C for 1 hour. Afterwards, the
substrate was cleaned again according to the procedure previously mentioned and then
inserted into a glove box filled with N2.

*

CPD measurements of the HOPG sample by our lab’s Kelvin probe varied. This could have
stemmed from having a HOPG sample that was small enough that the measurement was influenced by
edge effects or from the fact the surface was composed of several layers of flat grapheme sheets rather
than a single sheet (which was nearly impossible to create).
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A mixture of 20mg/mL of region-regular P3HT (Riecke Metals, Inc.) and 20 mg/mL
of PCBM was dissolved in anhydrous (1,2)-dicholorobenzene (DCB) (Sigma Aldrich, 99%
purity) and placed in a water bath which was heated by a hot plate set to 110°C and
magnetically stirred for 4 hours and then stirred without heat for another 16 hours. The
solution was filtered through a 0.45 μm PTFE filter to remove any undissolved aggregates.
60μL of solution were then spin coated onto the substrate at 1000 rpm for 100 seconds. This
gave a film thickness of around 150nm (see section 6.7 for details). The samples were left to
dry overnight in the glove box and then transferred into a thermal evaporator where top metal
contacts were deposited on them. At no time were samples exposed to air.
The top electrode consisted of a 10nm layer of Molybdenum Trioxide, MoO3, with a
150 nm layer of gold placed on top. The MoO3 was purchased from Testbourne Ltd. and was
99.95% pure. MoO3 was evaporated at a rate of 0.005 nm/sec. Gold was evaporated at a rate
of 0.01 nm at first and then ramped up to 0.3 nm/sec after 7 nm of gold had been deposited. A
shadow mask defined 4 separate metal rectangles; each rectangle in combination with the
bottom contact (which was partially covered by pyralin) defined a small solar cell that had an
area of 1-2 mm2*.
After evaporating the top contact, the samples were vacuum annealed at 130°C for 4
minutes. The top corners of the substrate were carefully cleaned off using Tetrahydrofuran
(THF). Then silver paint was painted onto each of the top contact bars and on the top two
corners of the substrate. This improved the electrical contact made with the spring loaded pins
in the device holder. After several hours the silver paint was dry and the solar cell could be
tested. To read more details on the construction of my solar cell the reader is referred to an
instruction manual I wrote which gives step by step instructions.

*

The area varied because the pyralin was painted by hand. The area of the device used in
calculating its efficiency was measured using a Vernier caliper
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Figure 21 The geometry of my solar cells. In order of the procedure of making a solar cell 1) a
commercially bought substrate 2) A thin layer of STN 3) a painted layer of pyralin (it’s the entire
bottom rectangle) 4) spin coated P3HT:PCBM 5) top evaporate contact 6) silver paint. The wavy
top end of the pink layer indicates that the upper part has the P3HT:PCBM cleaned off of it. The
shaded region of the yellow rectangle on the right indicates the active area of the device.

6.6 Electrical characterization of solar cells in the dark and under
illumination
To test the photovoltaic properties of the devices made, the chip was inserted into a
custom built device holder. The chip was pressed against spring loaded metal pins which
would touch the silver painted regions of the solar cells. The device holder was then sealed
and taken out of the glove box so that the solar cell could be measured in a solar simulator.
The solar cell was at no time exposed to the ambient environment.
The device holder was connected to a Keithley 2400 source/meter which would
sweep through a voltage range and measure the current at each voltage. During the current
voltage measurement, the device was either left in a dark environment or it was illuminated
by an SS150W Class AAA solar simulator from ScienceTech Inc. The solar simulator used an
Xe arc lamp and an AM1.5G air mass filter. It was calibrated by a broadband thermopile
detector by Gentec-EO so that it illuminated the solar cells with the power equivalent of 1 sun
(100 W/cm2).

6.7 Film thickness measurements of solar cells and metal-insulator- metal
devices
Film thickness measurements of spin coated layers were performed with a Veeco
Dektak 150 surface profilometer by lightly scraping the sample with a fine point and then
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measuring the depth of the channel created. This was performed in air after the device had
been electrically characterized or on a spare sample.

6.8 Metal – insulator - metal devices
Metal-insulator-metal (MIM) devices were also constructed using the same
substrates and almost the same methods as the solar cells described in section 6.5. There were
a few differences in the procedure though.
Substrate/P3HT/MoO3/Au devices were constructed by spin coating 50 μL of a
25mg/mL solution of P3HT dissolved in DCB on substrates at 1000 rpm for 100 seconds.
Prior to the spin coating, the substrates were spin coated twice with DCB at 2000 rpm and
100 seconds to help the P3HT solution adhere better to the substrate. This gave a P3HT
thickness of 95nm. 10 nm of MoO3 were vacuum evaporated on top of the P3HT at a rate of
0.005 nm/sec and 240 nm of Au were deposited on top of this at rate of 0.01 nm/sec (the rate
was increased to 0.3 nm/sec after sufficient amount of gold had been deposited). The samples
did not go through a vacuum oven process afterwards, which is different from the procedure
used to make solar cells.
Substrate/PCBM/Ca/Al/Au devices were constructed by spin coating 50 μL of a
25mg/mL solution of PCBM dissolved in chloroform * (Sigma Aldrich, 99% purity) on a
substrate at 1500 rpm for 80 seconds. This gave a PCBM layer thickness of 130 nm. 20 nm of
Ca were vacuum evaporated on top of the PCBM layer at a rate of 0.3 nm/sec. 240 nm of Al
were then deposited on top at rate of 0.3 nm/sec. Finally, 100 nm of gold were evaporated at a
rate of 0.36 nm/sec. The devices also did not go through a vacuum oven process afterwards.
MIM devices were made using the same geometry as the solar cells in the section 6.5.
Current-voltage measurements were taken using the same device holder and the same
measurement setup as was used for solar cells in section 6.6.

7 Discussion of experimental work
7.1 Why was STN chosen and what function should it fulfill?
7.1.1 STN can be used as a hole blocking interlayer
Up until now I haven’t made a distinction between interlayers and electrodes. It was
assumed that one material functioned both as the hole blocking layer and as the cathode for
simplicity. However, any material that has the correct energy levels can be sandwiched

* Spin coating solutions of PCBM in dicholorobenzene produced inhomogeneous films that
were too thin to be properly analyzed in MIM devices.
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between the absorber and the cathode and act as a hole blocking interlayer. Interlayers can be
very thin and so optical and conductivity constraints are not very important*. This means that
there is a wider selection of materials that can function as blocking interlayers than as
blocking electrodes. Interlayers made of metal oxides have been shown to improve solar cell
efficiency [79] [47] [80].
At the start of this research SrTiO3 doped n-type with niobium (STN) was chosen to
be the material to be investigated for application in P3HT-PCBM solar cells. This was
because STN has the necessary energy levels to make a good hole blocking layer for the
P3HT-PCBM system.
The most desirable property for an interlayer or a cathode for this system is that it has
a Fermi energy level equal to or higher than the electron quasi-Fermi energy level attained by
the PCBM domains in the illuminated solar cell (under 1 Sun this would hopefully be very
close to PCBM’s LUMO level). The PCBM LUMO is 3.7-3.9 eV [81] [57] [82] and STN has
been reported to have a Fermi energy level close to 3.9-4.1 eV when doped† [83] [68]. In
order for a material to be a hole blocking layer for this system it must be made of a
semiconductor with a valence band much lower than the HOMO of P3HT. P3HT has a
HOMO of 4.45- 4.9 eV [57] [84] and STN has a valence band edge around 7.2 eV [83].
Additionally, electrons must be able to easily leave the device which means that the
conduction band of the material should be no higher than the LUMO of PCBM. Again PCBM
has a LUMO of 3.7 eV and STN has a conduction band edge near 3.9-4 eV [83] [68].
There is a problem with interlayers, however. If the cathode has a Fermi energy level
much lower than the interlayer, it will deplete electrons from the interlayer and the most
important property of the interlayer, its high Fermi energy level will be lost (see Figure 22 D).
As a reminder, this would decrease the built-in field inside the device and lead to a lower
open circuit voltage. This is a particularly serious concern for hole blocking interlayers in the
inverted configuration, because extremely few cathode materials have high Fermi energy
levels and are transparent.

* This is not entirely true, as thin films may have problems due to index of refraction
mismatch. It is best to find a material that has an index of refraction close to the substrate's (glass or
plastic) and the absorbing semiconductor's indexes of refraction.
†

There are several known ways to dope SrTiO3. The first is intrinsically by oxygen vacancies.
The second is extrinsically with niobium (which replaces titanium) or lanthanum (which replaces
strontium). It is hard to measure intrinsic doping concentrations and hard to dope the material
sufficiently to be conductive. Thus we chose extrinsic doping with niobium (Niobium doping gave the
best results in producing conductive electrodes in previous research done by Tammy Cohen [93])
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Figure 22 A) The hole blocking layer (HBL) and cathode separately. B) The ideal situation where
the HBL and electrode have the same Fermi energy level. C) The electrode has a lower Fermi
energy level however because it is either thick enough or doped enough the metal electrode does
not affect the left side of the HBL and thus the absorber will not “see” the electrode on the right
D) The HBL is too thin or not doped enough and thus the HBL will have a lower Fermi energy
level on the left. All these diagrams are set so that the energy scale on the left side of the diagrams
is fixed. This makes it more clear what energy levels an absorber connected on the left hand side
would see.

This problem can be partially solved by making the STN layer sufficiently doped or
thick enough so that the depletion width doesn’t extend throughout the entire length of the
STN layer(see Figure 22 C). However, even though the Fermi energy level of the blocking
layer doesn’t drop, there is a Schottky barrier between the hole blocking layer and the cathode
which makes it hard for electrons to leave the device [85]. This may cause the fill factor to
drop*. By using a single material that can act as a hole blocking interlayer and a cathode, this
whole issue can be avoided.

7.1.2 STN can be used as a transparent cathode
A cathode must be highly conductive. Even if the electron quasi-Fermi energy level
at the interface is as high as possible, if the cathode is not conductive enough part of the
voltage will drop across the cathode due to resistance. This will not affect the Voc because no
current is flowing, so no voltage drop occurs. However, when extracting current, resistance
will decrease the current produced at a given voltage, and thus the fill factor of the device will
suffer. It is therefore important that contacts have a low sheet resistance. This of course can
be broken down into having a high mobility and a high carrier density, and being a thick layer
[86]. STN has a high mobility [68] and can be highly doped n-type with niobium [87]. Sheet
resistances of 100 ohms can be achieved with STN [88] [89] [75], which are close to the sheet
resistances achieved by ITO or FTO (conventional transparent conducting oxides).
As mentioned previously, the requirements of a low valence band and a high
conduction band mean that the hole blocking cathode has a wide band gap and is therefore
*

That is of course unless the STN is so highly doped that the Schottky barrier is very narrow
and electrons can tunnel through the barrier
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transparent. SrTiO3 has a band gap of 3.2 eV and is quite transparent [68]. However, the free
electrons in doped SrTiO3 absorb light. Thus there is almost always a tradeoff between
conductivity and transparency [86]. Of the three ways to increase the conductivity of STN:
increasing its electron mobility, increasing its electron density, and increasing its thickness,
only increasing the electron mobility does not have an adverse effect on the material’s
transparency [86]. SrTiO3 has a relatively high mobility, though it is somewhat smaller than
FTO and ITO. Thus we do not need to heavily dope the material or use a thick layer of the
material in order to get decent sheet resistances. This makes it is possible for STN to be
transparent and conductive at the same time in principle. However, the trade-off between
conductivity and transparency means that there may be a narrow window of processing
parameters that lead to STN electrodes with the right balance between these two material
properties and other processing considerations may even render this window non-existent.
In summary, we see that STN is a very promising material on paper. It should be
noted that there are not many well studied semiconductors that satisfy these requirements.
The discussion in these two sections is in fact general and applicable to all electrodes and
interlayers.

7.2 The plan
As mentioned in section 7.1.1 and 7.1.2, STN has the appropriate energy levels to be
a hole blocking interlayer and it has the conductivity and transparency to be an electrode.
There are two primary motivations for investigating STN as a blocking electrode instead of as
just a blocking interlayer. One is that STN has the potential to be a cost effective replacement
for the commonly used transparent electrode ITO in that it is not composed of rare earth
elements. The second, and more important reason, is that we do not need to worry about the
STN layer becoming depleted. Even though there are additional constraints of transparency
and conductivity, I would be able to isolate and investigate the relationship between STN’s
properties and solar cell performance while being sure that I was not observing some
interplay between STN and the bottom electrode. Since this is the goal of this research, STN
was first investigated as an electrode in and of itself. If that didn’t work, then I could always
fall back on trying to use STN as a hole blocking layer.

7.3 Doping SrTiO3 and other related point defects
Since I wanted to make STN films that have a high Fermi energy level and a high
conductivity they needed to be doped [87] [89] [88] [66] [90]. Before I talk about how much
niobium to include into the deposited film I need to talk about how the doping mechanism
works. Niobium atoms inserted into SrTiO3 substitute titanium atoms. Niobium ions have a
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+5 charge, whereas titanium ions have a +4 charge. One would thus expect that every
niobium atom donates a single electron to the conduction band. While it is true that each
niobium atom creates a very shallow donor level which can be easily ionized, there are other
reactions that are coupled to doping that complicate matters. According to the theory of defect
reactions of metal oxides, any chemical reaction satisfying mass conservation,
electroneutrality, and lattice site ratio conservation can occur [91]. Obviously, some reactions
are more energetically and kinetically favorable than others. For SrTiO3 there are two main
defect reactions involving niobium doping, shown below using Kroger Vink notation [87].
→

(13)

→

stacking faults

(14)

The subscript indicates which lattice site that the ion is occupying. The superscript indicates
the effective charge of the ion. A / indicates a negative effective charge and a • indicates a
positive effective charge. The effective charge is the charge of the ion with respect to the
charge of the ion that usually occupies that site. As an example, the Nb ion has a charge of +5
and it occupies the lattice site that is usually occupied by a Ti ion with charge of +4, so the
effective charge is +1 (which in Kroger Vink notation is a •). This notation allows us to
clearly see how defects perturb the crystal.
The first reaction has one oxygen atom more than there are lattice sites and, since
oxygen atoms can be exchanged with the environment as mentioned in section 6.2, oxygen
will leave the metal oxide as O2 gas. This reaction is called the electronic compensation
mechanism because the niobium’s positive charge is balanced by a free electron in the
conduction state. This is the reaction we want to happen.
In the second reaction, a strontium ion “leaves” the lattice creating a negatively
charged vacancy in its wake which balances the niobium’s positive charge. This is called
ionic compensation. Of course strontium can’t leave the crystal, so it aggregates at the surface
or forms SrO stacking faults in the SrTiO3 layer. Under extreme conditions this may lead to
the formation of a separate phase called a Ruddlesden Popper (RP) phase [92]. Unlike the
previous reaction, doping with niobium does not yield free electrons in this reaction. Another
way of looking at this is that the strontium vacancy creates an empty mid gap electronic state,
so when niobium creates a shallow donor level the electron immediately falls down to fill this
level rather than become thermally excited to the conduction band. Not only is this not
desirable because it doesn’t increase the free electron density, but the Sr vacancies and SrO
stacking faults also act as scattering centers, reducing electron mobility. Additionally, the mid
gap states caused by Sr vacancies can absorb light via electron exchange with the energy
bands, and may reduce the STN layer’s transparency.
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The key to controlling which reaction happens is Le Chatelier’s principle [90]. If
STN is placed in vacuum or in an atmosphere with low oxygen partial pressure the first
reaction will become more favorable. If STN is placed in oxygen, the second reaction will be
more favorable. Thus, there is a transition oxygen partial pressure where the first reaction
becomes more favorable than the second. This is the reason that the PLD’s ability to grow
films at widely different oxygen partial pressures is important.
There are some important subtleties about whether a film is grown at a specific
partial oxygen pressure, versus being heated up and left long enough to equilibrate with its
environment and this will be discussed further in section 7.6.9. For now, it’s enough to say
that the total concentration of niobium in the deposited film is determined by the composition
of the ceramic target used in the PLD system. By using different oxygen partial pressures
during the deposition one can then choose how much of the niobium is electronically or
ionically compensated.

7.4 Choosing which target to use
It was important to figure out which target I wanted to use in the PLD system before
testing the effects of different substrates or deposition parameters. No two targets have the
same exact stoichiometry. If I switched targets during the middle of the research it would
have been difficult to quantitatively compare between samples. Ideally, I wanted to have a
single target that was used throughout the entire research (save for experiments that
deliberately changed the doping concentration).
First and foremost, the target’s stoichiometry was important. As mentioned earlier the
PLD produces films that can be very close to the target’s stoichiometry, given the right
deposition conditions [74] [75]. Thus the target should have the stoichiometry I wanted the
film to have.* In the previous section, we saw that strontium vacancies create mid gap states
which trap free electrons. Titanium vacancies do the same. In SrTiO3, there is one strontium
ion for every titanium ion. In stoichiometric STN the concentration of strontium equals the
concentrations of titanium and niobium combined together, [Sr] = [Ti] + [Nb]. If the target
has a deficiency in one of the cations, then corresponding vacancies will be created in the
deposited film. These vacancies will trap electrons, reducing the free electron density.
Therefore, I wanted my target to be as close to SrTi1-xNbxO3 in composition as possible.
I used SrTi.98Nb.02O3 in my project because it had been previously shown that this is a
reasonable balance between the doping concentration being high enough to overcome

*

An exception to this is that you can create a target that compensates for the offset between
the target and deposited film stoichiometry, assuming you know the offset exactly (though this is nontrivial to do).
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unintentional impurities and intrinsic defects such as Sr or Ti vacancies, while not being so
high as to cause the film to become too optically absorbing [93]*. While it is still unclear if
2% is the optimum doping level, it is at least in the range of viable doping concentrations.
The second consideration was the density of the target. When the laser ablates the
target, small particles may be ejected along with the plasma if the target isn’t dense enough
[70]. These particles may then hit the substrate and form spikes on the substrate’s surface.
The first target I used had a relative density of 72% [93]†. STN samples made from this target
had many spikes in excess of 100 nm in the AFM.

Figure 23 an AFM scan of STN using a low density target. A spike approximately 90 nm in height
is present in the film.

This is not an important matter for every application. However, since I spin coat a
100-200 nm thick layer of polymers on top of the STN layer and then evaporate a metal top
contact, these spikes often “pierce” through the film and create shorts with the top contact,
ruining the device. I therefore switched to another target which had the same stoichiometry,
but had a relative density of 88% [93] and never saw spikes again.
To produce targets with higher densities it is important is to use ball milling‡ after the
first the calcination process. This produces smaller grains which can then be pressed closer
together when forming the target before sintering. Additionally, using isostatic compression
after forming the target, but before sintering, can significantly improve the density. Finally,
reducing amount of binder compound added before forming the target helps. The binder
*

Additionally the film’s doping level was low enough that it did not significantly increase
STN’s lattice parameter [76]. An increased lattice parameter causes strain in STN films grown on STO
substrates which limits the maximum epitaxially film thickness before the film cracks (strain
relaxation). I will show later that thicker films of epitaxially grown STN are desirable because they
have reduced sheet resistances.
†
Target density is measure using Archimedes method. A target is placed in a beaker of water
and the water’s rise is measured to determine the increase in volume. The target is then left in air to dry
before being stored.
‡
planetary ball milling is expected to be even better

63

compound holds the powder together when it is pressed into the shape of the target and is
later burned out of the target during sintering, leaving empty cavities in the target. The
presence of the binder will always limit the best achievable density, however it is often
unavoidable if the powder doesn’t stick together well. It was found in this research that
powders made of less than 5% binder by weight would not hold together when pressed into
the disk shaped mold. While not attempted in this research, pressure sintering is also known
to greatly increase the density of the final target.
The last consideration of a good target is that it should be as wide as possible. This is
not always a concern, but growing many samples with thick films requires hundreds of
thousands of laser pulses. In many simple, conventional PLD systems the target is spun and
toggled back and forth. Such configurations mean that the laser will hit the center of the target
more than it hits the edges thus forming a crater in the center of the target. In a PLD system,
the plume is ejected perpendicular to the surface of the target [70] [69]. Thus a crater can
cause the plume to tilt away from the substrate, leading to films with inhomogeneous
thicknesses. In the worst case scenario, the plume isn’t directed toward the substrate at all and
little deposition occurs. In addition to this problem, curved surfaces experience different laser
fluences, this further changes the homogeneity of the deposited film. Once there is a crater in
a target, the target is all but useless. Sanding down the target or cutting the target is not only
extremely difficult, but may contaminate the target further. It is therefore very desirable to use
larger targets so that cratering takes longer to occur and the target can be used throughout the
research project (again, this doesn’t happen in all PLD systems and if you intend on using less
than 100,000 pulses throughout the entire project this is not a concern).*

7.5 Substrates
Before diving into testing different deposition conditions, it is important to choose
which substrate to use. This is because there is a limited selection of substrates, many of
which have constraints that lead to a completely different set of optimum deposition
conditions. Additionally, one usually must order substrates in bulk and it may take a while to
receive them.
The choice of which substrate to use is directly tied to the question of whether I want
to use a thin layer of STN as an HBL or a thick layer of STN as a complete cathode. For an

*

Additionally, a useful tip is to make sure that the laser pulse frequency, the toggle frequency,
and the target rotation speed are all separate prime numbers so that the laser hits all sections of the
target rather than have some complicated oscillation pattern that might miss some sections of the target.
This is especially important in terms of cleaning the target, as the goal is to hit as much as the surface
area of the target with as few a number of pulses as possible (to save time).

64

HBL, I would need a substrate that already had a conductive surface layer. For a cathode, I
would want an insulating substrate.
Having chosen to start with making STN as a cathode, I needed to find the balance
between conductivity and transparency. I’ve already explained how the PLD can control the
thickness of the STN and the density of free electrons (via changing the oxygen partial
pressure and the target’s stoichiometry). However both of these parameters increase optical
absorption as mentioned in section 7.1.2. The best way to satisfy both the transparency and
conductivity requirements for the STN layer was to improve STN’s electron mobility.
The electron mobility of a material is mainly improved by increasing a sample’s
crystallinity and reducing its trap density [94] [95]. The upper limit of STN’s mobility is of
course obtained using single crystals of STN epitaxially grown on the substrate. The substrate
temperature during the deposition and lattice constant of the substrate are the most important
parameters in determining the crystallinity of the film. In general the hotter the substrate is
during deposition, the better the deposited film’s crystallinity will be. Similarly, the smaller
the lattice mismatch between SrTiO3 and the substrate the larger the grains will be.
However, I will show that some of the substrate properties such as its melting point
and its thermal expansion coefficient often prevent us from achieving optimum deposition
conditions. In fact, commercially viable substrates such as glass or PET impose considerable
constraints on the deposition process and it is my opinion that these should be taken into
account when selecting electrode materials in addition to all the energy level, conductivity,
and transparency constraints of the electrode material discussed previously.

7.6 Insulating substrates
There were several options for transparent insulating substrates such as glass,
LaAlO3, fused silica, and SrTiO3. Glass is not a well suited substrate for this application
because it begins to melt around 600°C and it is amorphous. This means that the deposited
STN would probably be polycrystalline, or even nanocrystalline, and thus have a relatively
low mobility. Single crystal LaAlO3 is solid well past the limit of what our PLD system can
heat substrates up to ( 800°C) and has a lattice parameter that is close to SrTiO3’s, which
enables epitaxial growth. However LaAlO3 has twinning plane defects which reflect and
scatter light so that even though the material is transparent the substrates have spatially
varying transmission rates that are angle sensitive. Thus any comparison of solar cells across
samples using LaAlO3 substrates would have been inconclusive and LaAlO3 was disregarded.
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7.6.1 Fused silica
Fused silica was the first substrate tested. It has good transparency and it has an
extremely high melting temperature. Since it is amorphous the STN layer was polycrystalline,
however large grains were expected because the substrate temperature was high.
Table 1: Deposition conditions used to make STN layers on fused silica substrates

Working distance

70 mm

Substrate Temperature

800°C

Pressure

4.7×10-3 mTorr (vacuum)

Laser fluence

0.88 J/cm2*

Number of Pulses

2000

Laser frequency

3 Hz

Target

SrTi0.999Nb0.001O3 †
STN films on fused silica showed high resistance (~1 MΩ using an ohm meter

connected to Ti/Au e-gun evaporated contacts on the STN layer). Upon investigation using
AFM and SEM, it was seen that cracks had formed in the STN layer. The thermal expansion
coefficient for SrTiO3 is 9×10-6 K-1 and for SiO2 is 5.5×10-6 K-1. Thus thermal mismatch was
likely the cause of the cracking.
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Figure 24 A) an HRSEM image of the surface of STN deposited on fused silica. B) An AFM
image of the same sample, the cracks are visible because when the STN shrinks more than
substrate during cooling the edges peel off the substrate and rise a few nanometers

*
†

The laser pulse was 103 mJ and the footprint of the laser is close to 2.2mm x 5.3mm
This target was bought from SCI engineering materials.
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Lowering the temperature of the substrate down to 500° C did remove the cracks;
however the resistivity of the sample did not decrease. In the interest of achieving working
electrodes, I moved on to another type of substrate and this was left an open question.

7.6.2 SrTiO3
SrTiO3 (STO) has some particularly good properties as a substrate for STN. It can be
heated up to 800°C and STN can be grown homoepitaxially on it without problems such as
thermal mismatch [74]. It was left as a last resort though because SrTiO3 has similar oxygen
partial pressure dependencies as STN. When heated up and placed in vacuum, SrTiO3 releases
oxygen until equilibrium is reached via the following reaction* [73] [91]:
(15)
This means that the SrTiO3 substrate itself becomes n-type doped. However the sheet
resistances of the substrate isn’t low enough to be helpful ~10kΩ and the optical absorption
by free electrons becomes so great that the substrate becomes nearly opaque. This means that
I would have to find some intermediate vacuum where the STN film was still conductive
enough while the substrate was still transparent.
10mm x 10 mm x 0.5 mm single crystal (100) SrTiO3 substrates polished on either
one side or both sides were purchased from Crystal Gmbh. The samples underwent a buffered
HF surface treatment before being used in the PLD system. This removed the SrO surface
layer from the substrates so that the sample only ended in TiO2, increasing the likelihood of
layer by layer epitaxial growth (for more information about this see Miri’s Ph.D. thesis [76]).
The quality of deposited STN deposited on SrTiO3 was quite good, as expected.
Using SrTiO3 substrates was the easiest path to making working cathodes, though they were
not always as transparent as desired. Before discussing the results in more detail, I will
describe what deposition conditions I optimized and what my method of operation was.

7.6.3 Criterion for optimization
In this context, the criterion for an acceptable contact was its conductivity,
transparency, and surface smoothness. Two types of measurement protocols were used to
determine if a sample was suitable for use as a contact. The fast protocol included measuring
the conductivity by a 4 point probe, measuring transparency by examining each sample in the
light to see if it was transparent to the eye, and measuring the surface topology of the sample
along three 1mm line scans by a profilometer to make sure that there were no spikes greater

*

This equation is written in Kroger Vink notation, see section 7.3 for more details
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than 60nm* in height present on the surface of the sample. The longer protocol measured
resistance between evaporated Ti/Au contacts

†

using an ohm meter and measuring

smoothness by 3 AFM 10μm x 10μm scans of different areas. Transparency was measured the
same in both protocols.
The fast set of criterion was often used due to the nature of PLD usage in the lab.
When different materials from different research projects are frequently deposited there is the
concern that one deposition contaminates the next one. Therefore a series of depositions
related to one of the research projects is done as a single block and it is therefore beneficial to
have a quick set of measurements that can provide a fast feedback loop.

7.6.4 Deposition conditions in general and specifically for SrTiO3
substrates
There are four main deposition parameters that I investigated in my research: oxygen
partial pressure, laser fluence, working distance, and substrate temperature‡. This is a large
and interdependent parameter space. The philosophy used in investigating this parameter
space is that it is more important to find the right set of conditions that will provide workable
electrodes than to systematically map out this parameter space. Only once a set of conditions
that works is found, would it be worthwhile to locally map the parameter space and see how
that affects solar cell performance. Unfortunately, due to time constraints, I only reached the
first stage of this philosophy, i.e. finding something that works.

7.6.5 Oxygen partial pressure
There were several oxygen partial pressures that were tested as shown in the table
below. Each film was made using 10,000 laser pulses, and so had approximately the same
thickness. Resistance measurements were taken by a 4 point probe. For a complete
description of the deposition conditions used see Table 10 of appendix A1.

*

The polymer active layer in my solar cells had a thickness of 150-200nm, so 60 nm was
chosen as a safe limit to ensure that the spikes did not cause shorts between the top and bottom
contacts. See section 7.4 for more information.
†
The contacts were e-beam evaporated onto the samples using an Airco Temescal FC-1800.
15nm of Titanium were deposited at a rate of 0.5 nm/second and then 120nm of gold were deposited at
8 nm/second.
‡
Substrate temperature was actually fixed at 800 °C for SrTiO3 substrates. The effect of
temperature was investigated for non-homoepitaxial depositions.
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Table 2: Sheet resistances of STN films deposited at different oxygen partial pressures on SrTiO3
substrates.

Oxygen Partial Pressure

Sheet Resistance

50 mTorr

Inconclusive*

10 mTorr

Inconclusive*

5 mTorr

631 Ω□

1 mTorr

541 Ω□

It is important to note that the target I was using at this time had already started to
develop a significant crater in the middle so that deposited films ended up being spatially nonuniform. This lead to differences in sample conductivity that were as large as 100%
depending on where the resistance was measured. 4 point probes are expected to give some
non-uniformity in resistance due to edge effects, however the samples were sometimes more
conductive at the edges, not less, showing that it was thickness non-uniformity rather than
measurement artifacts that were the cause. In the end this means that the differences between
1 mTorr and 5 mTorr are almost negligible and 1 mTorr was chosen because it was the lowest
pressure achievable before complete vacuum (a few micro-Torr) by the PLD system and
theory predicted that lower partial oxygen pressure yields more conductive films† (see section
7.3 for more details).
The difference in the samples’ transmittance was indistinguishable by eye (these
samples were only polished on one side). All the samples passed the flatness criteria
established in section 7.6.3.

7.6.6 Laser fluence
A consistent trend seen during the optimization process was that the last sample in
each deposition session always had a lower resistivity ‡ . In one deposition session four
samples were made, each with 10,000 pulses at a pressure of 1mT. More details on the
deposition conditions can be found in Table 11 of appendix A1.

*

These samples appeared to be insulating using a 4 point probe, which means either that they
were insulating, or that they had a lower work function than the 5 mTorr and 1 mTorr samples
† this is in fact observed, though barely
‡ Resistivities were calculated using an estimated film thickness and the 4 point probe to
measure sheet resistance. Profilometer thickness measurements are described at the end of section 6.4.1
and are proportional to the actual film thickness. Thus I can draw conclusions about resistivity trends,
though they are probably systematically higher than their real values.
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Table 3 Laser fluence drop affects resistance of deposited STN films

Sample Number
1
2
3
4

Resistance (ohms)
606.8
401.8
336.2
291.1

This was most prominent when depositing thick layers of material. Upon further
consideration, it was realized that the decrease in laser fluence with each deposition in the
session was likely the cause. The PLD system was pumped down to 1 mTorr, so a small
fraction of the plume was able to reach the laser window and deposit STN on it*. The window
became more and more opaque with each deposition (4 samples were done at a time), causing
the laser fluence to drop. The decrease in laser fluence was often quite significant. For 24,000
laser pulses at a chamber pressure of 2 mTorr, the laser fluence dropped from 0.81 J/cm2 to
0.61 J/cm2. In this case, this was fortuitous, as it meant that the laser fluence I was using
(around 0.88 J/cm2) was too high. Based on results by Ohnishi et al. [75] [74] we believe that
more cation vacancies are generated in films at higher laser fluence, thus introducing traps
that reduced the free electron density.
Reducing the laser fluence to 0.77 J/cm2 (the lowest achievable initial laser fluence of
the PLD system) led to a slightly better resistivity. The dynamics governing the decrease in
laser fluence are complicated because optical transmittance is exponentially dependent on
film thickness and film thickness per pulse is non-linearly dependent on laser fluence. In light
of this, the laser fluence was increased linearly in between samples in a deposition session to
maintain a somewhat constant laser fluence throughout the deposition session. This appeared
to work reasonably well as variations in resistivity between the first and last samples of a
deposition session were not noticeably different.

7.6.7 Other parameters
Several experiments were done with reducing the working distance, but it was found
that moving the substrate down even a centimeter visibly placed the substrates inside the
plume (using a digital camera). As a general rule of thumb, when this happens, the film
stoichiometry begins to differ from the target. Furthermore it appeared that the plume spread
as it hit the substrate and so that a little STN was deposited on the other substrates despite
there being a shadow mask to prevent this. Since this would further complicate the
interpretation of film quality results the working distance was left as high as possible (80

* At deposition pressures greater than 10mTorr the plume will not deposit much on the
window and so this effect disappears
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mm). This issue is specific to our PLD system, the oxygen pressure used, and the laser
fluence used, though care should be taken so that this does not occur in other PLD systems as
well.
Lowering the laser frequency might give deposited ions more time to arrange
themselves better between each pulse. An experiment using a lower laser frequency did
appear to improve the sample’s conductivity slightly, although not enough samples were
made to prove this statistically. In any case, when doing 10,000 pulses, any less than 1 Hz
becomes exorbitantly time expensive and not worth the small improvement in resistance.

7.6.8 Initial results
Unfortunately, optimizing the oxygen partial pressure, laser fluence, working
distance, and laser pulse frequency in addition to using as many pulses as PLD time permitted
could not produce an electrode with sufficient conductivity. The best sheet resistance
achieved was 140 Ω/□ using the following conditions:
Table 4: Deposition conditions used to make STN layers on SrTiO3 single crystal substrates.

Working distance

80 mm

Substrate Temperature

800°C

Pressure

3.2 mTorr*

Laser fluence

0.79 J/cm2

Number of Pulses

12000

Laser frequency

3 Hz

Target

STN 2% made by Tammy (T03)

This series resistance was not low enough to make good devices even if electrons
only had to travel through 2 mm of STN before reaching a metal contact. Nevertheless some
samples were tested in solar cells anyway and the results are shown below.

*

I pumped the system with flow valve open and the main valve shut. 1.32 SCCM of O 2 were
pumped into the system to maintain this steady state.
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Current Density A/cm2

0.006

Dark

0.004

Voc: 0.52 V
Jsc: -1.84 mA/cm2
FF: 0.34
Rs: 967 Ω cm2
Rp: 972 Ω cm2
PCE: 0.32 %

Light

0.002
0
-0.002
-0.004
-1

-0.5

0

0.5

1

1.5

Volts
Figure 25 The J-V curves of solar cell made using STN on SrTiO3 as the bottom contact. The full
geometry of the device is SrTiO3/STN/P3HT:PCBM/MoO3/Au. The device had very low power
converstion efficiency due to a very high series resistance as shown in table on the right.

The poor solar cell performance could have been simply high series resistance or it
could have been due to poor energy level alignment (which is something I would not expect
for a thick layer of crystalline STN grown in conditions conducive to a high level of n-type
doping). The sheet resistance of the deposited layers could not be further reduced because of
deposition time constraints and because the target was already starting to develop a crater that
was yielding inhomogeneous films. These deposition conditions did not warrant further
investigation as the sheet resistance complicated analysis on how material properties such as
energy levels were affecting solar cell performance.

7.6.9 A new technique: oxygen annealing
In light of the previous results, the question of how one can improve the conductivity
of STN was reexamined. The thickness couldn’t be increased and there was no clear way to
improve mobility, but perhaps the free electron density could be increase. The most important
factor that affects the free electron density apart from the doping density of niobium in the
target is the oxygen partial pressure. Higher vacuum would mean higher electron
compensation of the niobium dopant (see section 7.3) and more free electrons from oxygen
vacancies (see section 7.6.2). The only reason the films couldn’t be deposited in the highest
vacuum achievable by the PLD was because of the SrTiO3 substrate. In high vacuum (and
high substrate temperature) the substrate becomes opaque due to a high oxygen vacancy
concentration. Upon cooling in vacuum, the oxygen vacancies become frozen into the lattice
so that even when the substrate is exposed to air it remains opaque.
We know that it is in fact the substrate that absorbs most of the light because high
vacuum depositions of STN on fused silica didn’t show much absorption. This is corroborated
by previous vacuum depositions of STN on SrTiO3. Deposited layers of STN don’t cover the
borders of the substrates (see the end of section 6.4.1 and Figure 21) yet the borders were also
opaque in that deposition set.
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There are two differences between oxygen vacancies and strontium vacancies that can
be exploited to separate the substrate’s opacity from the deposited film’s conductivity. First,
oxygen vacancy concentration does not depend on when you expose the film to oxygen. Films
deposited in oxygen should have similar oxygen vacancy concentrations as films exposed to
oxygen after the deposition for a period of time long enough for thermodynamic equilibrium
to have been reached. This is not the case for strontium vacancies. The strontium atoms
cannot leave the film and instead form SrO stacking faults or SrO segregation on the surface
as discussed in section 7.3. It is much easier for these additional SrO layers to be formed as
the film is being deposited than afterwards. It has been speculated that Sr migration is mainly
through cracks and large crystal defects and can be quite slow [92]. This means that
depositing the film in oxygen will produce more strontium vacancies than exposing the film
to oxygen after it has been deposited [94]. Given just this consideration, simply depositing the
film in vacuum and then exposing it to air should already improve STN’s conductivity. This
may not necessarily be true though because where SrO accumulates is also important. When
depositing the film, SrO stacking faults can be distributed throughout the bulk. Exposing the
sample to oxygen after deposition would likely cause SrO to aggregate on the surface of the
substrate and since SrO is not conductive this may result in having an insulator layer cover
the surface of the conductive STN film.
The second difference between strontium and oxygen vacancies is that strontium
vacancies have a much higher energy of formation than oxygen vacancies (according to
computer simulations) [90]. This means that at lower temperatures (down to 350°C) oxygen
vacancies can still form and are mobile, whereas strontium vacancies are all but frozen in [94]
[66]. It is unclear how big the difference in the energy of formation is for these defects in thin
films grown by the PLD though. The energy of formation is calculated for highly ordered
single crystals of SrTiO3 and it is expected that every type of defect in disordered crystals has
a lower energy of formation.
Based on these considerations, if a sample were grown in vacuum, cooled to a lower
temperature, and then exposed to oxygen, the substrate’s oxygen vacancy concentration
would decrease while the deposited film’s strontium vacancy concentration would not
significantly increase. In theory, one could thus achieve high electron density in the film and
still have a transparent SrTiO3 substrate. Several films were deposited in high vacuum (2×10-3
mTorr), cooled to between 600-350°C in vacuum, annealed in ~2 mTorr of oxygen for several
hours, and then cooled to room temperature. 3 hours of annealing was more than enough for
the 600°C samples to become transparent, but 12 hours or more were needed for the samples
held at 350°C.
No clear trends in resistivity versus annealing temperature could be seen. However,
unexpectedly, the resistivity did depend on the thickness of the film. Thick films, as much as
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20,000 pulses, were not able to be measured by a 4 point probe*, but were shown to be
conductive when measured by an ohmmeter on e-gun evaporated metal contacts. While this
technique isn’t exact, it was enough to show that these films were surprisingly still not
conductive enough (I got 500 Ω between two metal contacts that were only a 1mm apart). A
thinner film using 4,000 pules had a much better resistance (140 Ω) † for the same contact
configuration and thus had a much higher conductivity than the thicker film.
It’s hypothesized that a drop in laser fluence again reduces the conductivity for
depositions with many pulses. In the case of the 20,000 pulse sample, the laser fluence
dropped from 0.75 J/cm2 to 0.47 J/cm2 and the plume visibly decreased in size. The higher the
vacuum, the more material each laser pulse deposited everywhere in the PLD chamber. This
means that the laser window became opaque faster than it did in the depositions in 1mT of
oxygen. As already mentioned in section 7.6.6 the change in laser fluence can induce
nonstoichiometric growth and cation vacancies greatly reduce the electron density.
Apparently, using the oxygen annealing technique can produce very thin films with
better conductivity than samples grown and cooled in a constant oxygen partial pressure of
1mT‡. However, since this technique cannot grow thick films with the same conductivity§,
this technique brings us no closer to achieving low sheet resistance films. I thus reached an
impasse where it is clear that STN on SrTiO3 cannot provide electrodes that are conductive
enough and transparent enough to be used in solar cells to achieve the goals of this research.

7.7 Conductive substrates
Since I wasn’t able to make STN films that were conductive enough on their own, the
obvious course of action was to fall back on plan B. STN would be used as a hole blocking
layer on top of a substrate that was already conductive enough to function as an electrode by
itself. This meant that I would no longer be able to accurately measure the resistivity of the
STN film. It also meant that instead of trying to balance conductivity and transparency I now

*

Most likely these samples appeared to be insulating when measured by a 4 point probe
because their work functions were so low that the metal probes had trouble injecting current into the
film.
†
Before the metal contacts were deposited a 4 point probe measurement was conducted and
yielded a sheet resistivity of 490Ω. Calculations of resistivity based on the metal contact’s geometry
and on the resistance measured agree with the 4 point probe measurement. This gives a decent
consistency check that as long as the 4 point probe can measure any current, it measures the correct
resistances.
‡
using the same estimation of resistivity as described in the footnote of 7.6.6
§
A basic linear ramp of the laser fluence was attempted for the 20,000 pulse deposition, but
even so the laser could not be powered high enough to overcome the windows opacity by the end of the
deposition- and this would only have worked if I deposited one sample at a time.
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needed to focus on making sure the STN’s Fermi energy level remained high (see section
7.1.1).
Therefore, all of the following depositions were done in high vacuum (2×10-3 mTorr).
This yields the highest possible electron density in STN. Optical absorption was not a concern
since the substrate was mostly composed of glass, which does not have any partial oxygen
pressure dependencies that affect transparency.

7.7.1 ITO on glass
Tin doped indium oxide, ITO, is the industrial standard transparent conductor for
solar cell applications because it is very transparent, conductive, and flat. It is also very
popular in research circles, and thus we decided to test using ITO substrates first. As
mentioned earlier, one drawback to ITO is that it is not an economically feasible long term
solution. It also turns out, as we will soon see, that ITO is not a good substrate for materials
that need to be deposited at higher temperatures. Delta Technologies product line of ITO
substrates was used for these experiments.
Table 5: Initial Deposition conditions used to make STN layers on ITO/glass substrates

Working distance

80 mm

Substrate Temperature

500°C

Pressure

3 ×10-3 mTorr

Laser fluence

0.93 J/cm2

Number of Pulses

1000

Laser frequency

3 Hz

Target

STN 2% made by Tammy (T03)

The results of the first experiments using ITO were not good. First off, the glass part
of the substrate could not be heated more than 600°C. Even, at a substrate temperature of
500°C, STN on ITO had cracks because of thermomechanical mismatch just like STN on
fused silica (see Figure 23). This doesn’t necessarily pose a problem like STN on fused silica
because electrons can travel through the ITO to get to the metal contacts at the edge of the
device. However, ohmmeter resistance measurements on evaporated metal contacts revealed
resistances larger than 1kΩ across the sample (the sheet resistance of the ITO substrate was
100Ω/□). Either there was poor contact between STN and ITO or ITO had become much less
conductive because of the deposition. Poor contact between the STN and ITO was likely the
cause of the problem as the STN layer could be easily rubbed off of the substrate.
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Figure 26 An AFM scan of STN grown on ITO at 500°C

To reduce cracking, I reduced the substrate temperature for the PLD deposition. At
400°C, the films no longer had cracking problems. Using an ohmmeter*, the resistance across
one sample (~8mm) was measured to be around 150 Ω, which was close to the resistance of
the bottom ITO substrate. However, they also became extremely reflective and had
transmission coefficients between 20-40% throughout the visible region. Samples made using
750 laser pulses showed a deep purple tint. Thinner samples, made from 500 laser pulses, had
a gold tint.

*

no metal contacts were necessary
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Figure 27 The top graph is the transmittance of samples of STN deposited on ITO . The samples
had varying thicknesses of STN. The bottom graph is the reflectivity of those same samples. The
500 pulse film had a goldish tint and the 750 pulse film had a purple tint. Both transmittance and
reflectance were measured using an integrating sphere so the remaining unaccounted for
percentage of the incoming light is attributed to the absorbance of the samples.

Solar cells were made from these samples, but their performance was dismal. Under 1
sun, the Voc was 0.49V, the Isc was 1.3×10-6 A/cm2, and FF was 0.31, giving a power
conversion efficiency of 2 ×10-4%. The main reason for this poor performance was probably
the extremely high series resistance in these cells, >3×105 Ωcm2.
In an attempt to understand more about the source of the high reflectance and the
high series resistance I tried to measure the thickness of the STN layer using ellipsometry.
The substrate was first characterized separately to create a model for ITO on glass and then a
model was attempted for STN on ITO/glass. However it was not possible to fit the
ellipsometry data from the samples while keeping the ITO’s optical properties fixed. This led
to the hypothesis that interdiffusion between STN and ITO occurred during the deposition.
For more information on what ellipsometry go to the Woolam VASE user manual [77], as it is
a superb source for information on how to use ellipsometry.
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Since interdiffusion is highly undesirable, the substrate temperature during deposition
was reduced to room temperature*. Samples deposited with the same number of pulses came
out transparent. Furthermore, analysis of the samples using ellipsometry succeeded while
keeping ITO’s properties fixed. This lends further credence to the idea that interdiffusion
might be occurring at higher temperatures.
Despite the fact that these low temperature samples also had nearly the same
resistance as that of the substrate, they didn’t work well in solar cells. It is well known that
STN deposited at room temperature forms amorphous films [68]. Amorphous films often
have much higher resistances due to lower electron mobilities and higher defect concentration
reducing the free electron density [95]. It is suspected that the high series resistance in these
solar cells thus stems from the STN film being amorphous.
It is unclear why resistivity measurements using a simple ohm meter would show
high conductivity, while solar cell measurements indicate that the STN is acting as an
extremely poor conductor. It is possible that the ohm meter probes scratched the STN off and
contacted the ITO directly.
In summary, it appears that there is no substrate temperature at which STN can be
deposited on ITO to yield quality electrodes.

7.7.2 FTO on glass
Fluorine doped tin oxide, FTO, is more chemically stable than ITO and is thus more
suitable to high temperature depositions. It is also nearly as conductive and transparent as
ITO, however it is almost never as flat. FTO is often used for energy efficient windows and
dye sensitized solar cells, both of which do not usually require extremely flat substrates. Care
must be taken to find suppliers which do provide flat FTO. As a case in point, initial
experiments

using

Pilkington

Glass’s

FTO,

TEC15,

in

normal

configuration

FTO/PEDOT:PSS†/P3HT:PCBM/Ca/Al solar cells repeatedly resulted in devices which were
electrically shorted. Using a surface profilometer, spikes of ~100nm were found on the FTO
and this caused shorts in the device.
Furthermore, commercial FTO substrates are often powdered with talcum powder to
prevent scratches when being shipped. Thus the surface of FTO is often very dirty. Vigorous
wiping with especially clean q-tips‡ while the samples were submerged in water was able to

*

Additionally I switched to Delta Technology ITO substrates with sheet resistances of 8Ω/□
† PEDOT:PSS stands for Poly(3,4-ethylenedioxythiophene): Polystyrene sulfonate. The
combination of these two polymers forms a conductive transparent organic layer.
‡
Not all q-tips are equally clean, and I recommend testing each type and double checking the
sample in a microscope afterward cleaning to make sure that the q-tip is not making your samples
dirtier.
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remove the talc powder and other particles of dirt. It was very important to make sure the
samples were clean before depositing the STN film. The STN film can trap the dirt onto the
substrate, producing spikes that can potentially short the device. This was not a problem for
the SrTiO3 substrates because they came shipped in packaging that kept them clean and could
be immediately place in the PLD without problems.
It was found that recent batches of Pilkington Glass’s TEC15 as well as Solaronix
TCO22-15 were smooth enough to be used, though only Solaronix FTO was used in this
study. These substrates had sheet resistances of 15Ω/□. STN was deposited on FTO under the
following conditions:
Table 6: Successful deposition conditions for making STN layers on FTO/glass substrates

Working distance
Substrate Temperature
Pressure
Laser fluence
Pulses
Laser frequency
Target

80 mm
500°C
2 mTorr of O2
0.78 J/cm2
250
3 Hz
STN 2% made by me sintered in air (T06)

STN/FTO samples had the same sheet resistance as the FTO substrate according to 4
point probe measurements. Solar cells made with STN/FTO contacts gave power conversion
efficiencies as high as 0.5% and had series resistances as low as 114 Ωcm2. Thus the search
for a working STN electrode was concluded.
The first thing that may stand out when going over the deposition conditions listed
above is that I began using 1-2 mTorr of O2 again. STN was also deposited on FTO in
vacuum and yielded similar results. Using moderate oxygen partial pressure was preferable
though because the laser window would become opaque more slowly. The second thing that
stands out is that the STN films were very thin (250 pulses are expected to give ~8nm thick
film). Unfortunately, STN/FTO electrodes also suffer from optical reflection problems.
Depositing 1,000 pulses of STN on FTO created samples with a deep orange tint. This grew
fainter and fainter with fewer pulses until only a slight yellow hue could be seen on 250 pulse
thick STN/FTO samples.
Solar cells showed no behavioral difference between 250 to 1,000 pulse samples.
This is odd given the concern that since FTO has a lower Fermi energy level than STN, a thin
film of STN should be depleted (see section 7.1.1). One would expect that varying the
thickness by a factor of 4 should have some effect on solar cell performance. The fact that it
didn’t meant that either the sample was very, very depleted or the STN surface in contact with
the active material was not depleted at all. The reasonable Voc’s achieved (see section 8.2)
would indicate that the latter explanation was more likely, though I began noticing an
79

interesting dependency of solar cell performance on the length of time the device was
exposed to light that will be discussed at great lengths from section 8.3 and onward and which
showed that issue of whether the STN layer was depleted or not was much more complex
than originally thought. In any case because the solar cells showed no clear STN thickness
dependency, the STN layers were grown as thin as possible to remove optical reflection.

8 Discussion of solar cell results
8.1 Comparison of my solar cells with the lab standard
The solar cells I made had power conversion efficiencies (PCE) around 0.5% whereas
solar cells made using nearly identical processes and many of the same materials in Nir
Tessler’s organic material and devices lab have PCE’s around 1.5-2.5%. The two sets of
devices differed only in the processes and materials used for the contacts.
I had to develop a new solar cell geometry and shadow masks for thermal evaporation
of the top contact in order to do research on STN. In the normal lab configuration patterned
ITO is bought from a commercial supplier. The bottom contact defines the active area of the
solar cell, and the top contact is shared between all the solar cells on the chip. It is difficult to
characterize patterned films. I chose to make the bottom contact (the STN contact) the shared
contact between all the devices and use the top contact to define the active area. Additionally,
I chose to use 10x10mm substrates rather than the lab standard 12x12mm substrates because
10x10mm is the industrial standard for the single crystalline SrTiO3 substrates used for the
deposition of epitaxial STN films.
The other important difference was that the evaporated top contact for the normal
recipe was the cathode. In my case the top contact was the anode and thus I needed a high
work function material. Ideally one would want a p-type material like NiO, because it could
act as an electron blocking layer [79]. However it is almost impossible to produce p-type
materials by thermal evaporation or sputtering since the deposition is done in vacuum and
deposited films tend to have oxygen vacancies rather than metal vacancies. This makes most
thermally evaporated metal oxides n-type, rather than p-type. Metals could have been used,
but have their own problems. Even though gold appears to have an appropriate work function
on paper, the work function of gold can vary quite drastically all the way up to -4.2 eV (the
work function of my cathode). Furthermore, gold has been known to penetrate into the film
upon thermal deposition and thus cause traps and shorts [24]. Silver’s work function is a little
too low to be a good anode (indeed it is often used as a cathode), but when it is oxidized the
work function increases. Silver oxide is still conductive, though much less than silver.
However, since I didn’t want to expose my devices to air, silver was not a good choice. Many
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studies have shown that MoO3 is an excellent hole injector in organic light emitting diodes
and similarly several studies have shown that MoO3 is a good hole collector in OPV cells [96]
[97] [98] [99]. The reason for MoO3 ability to perform so well has been hotly contested over
the past few years and is still not agreed upon by all, though significant work in elaborating
its function has been done by Meyer et al [96]. MoO3 was chosen to be used as the top contact
and has been used throughout the entirety of this research.
Either of these changes might have been the source of my devices’ less than stellar
performance. It was therefore important that before I began to do experiments to elucidate
STN’s effect on solar cells, I do a consistency check to understand how these changes
affected my solar cells.

8.1.1 My solar cells’ geometry
It was relatively easy to check what influence the new geometry had on my devices. I
made solar cells using the standard recipe in my device configuration and compared them to
the lab standard. Samples were made using the unpatterned ITO (100Ω□) used in section
7.7.1.

The
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Figure 28 A current density – voltage (JV) measurement of the control solar cell. The solar cell’s
geometry was ITO/PEDOT:PSS/P3HT:PCBM/Ca/Ag. The device was made using the same
recipe and device configuration as the solar cells using STN.

This sample had similar performance to solar cells using the standard geometry used
in our lab. It shows that my solar cell configuration and device making process did not
significantly reduce solar cell performance.

*

PEDOT:PSS is a conductive transparent organic layer composed of two polymers poly(3,4ethylenedioxythiophene) and polystyrene sulfonate.
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8.1.2 The MoO3 top contact
It remained to be seen whether the MoO3 top contact was affecting the performance
of my solar cells. MoO3 contacts had never been studied before in Nir Tessler’s organic
devices lab and it was entirely possible that this was the source of the sub-par performance of
my

solar

cells.

In

order

to

test

this,

a

series

of

solar

cells

using

FTO/STN/P3HT:PCBM/MoO3/Au were constructed with different MoO3 thicknesses. It was
anticipated that if MoO3 was an insulator or at least a poor contact, then depositing more and
more MoO3 would harm solar cell performance by adding series resistance. If MoO3 was
beneficial to the solar cell it was speculated that depositing too little MoO3 would also hurt
solar cell performance because the MoO3 coverage wouldn’t be complete. The results were
unexpected.
Table 7: Solar cell performance versus the thickness of the MoO3 layer

MoO3
thickness

# of good
working pixels

Voc (Volts)

Rs (Ωcm2)

PCE

FF

3 nm

10 out of 12

.54 ± .02

2000 ± 460

.16 ± .04 %

.20 ± .01

5 nm

9 out of 12

.57 ± .03

2300 ± 890

.20 ± .05 %

.22 ± .03

10 nm

7 out of 8

.54 ± .01

1600 ± 770

.20 ± .04 %

.22 ± .03

15 nm

3 out of 4

.53

1100

.23 %

.22

40 nm

3 out of 4

.56

2406

.16 %

.20

Current density A/cm2

0.0005
0
3 nm of MoO3
-0.0005

5 nm of MoO3

-0.001

10 nm of MoO3

-0.0015
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-0.002

40 nm of MoO3

-0.0025
-0.003
-0.9

-0.6
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0.3
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Figure 29 Current density – voltage measurements of 29 illuminated solar cells with varying
thicknesses of the MoO3 layer in their top contacts. There was no statistically significant
difference in solar cell performance because of the different thicknesses. The full device geometry
was FTO/STN/P3HT:PCBM/MoO3/Au. All of these measurements were taken after the devices
underwent a light soaking treatement for 30 minutes at 1 Sun. This will be discussed more in
section 8.3

As can be seen from the above data, there seems to be no statistically relevant
variation between various thicknesses of MoO3, even for layers as thick as 40nm. This means
that MoO3 is not an insulator and that it doesn’t seem to be a limiting factor in my solar cells.
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This is corroborated by work done by Victoria Zayats and Osnat Magen in Nir Tessler’s lab
which showed that MoO3 used in a normal configuration device worked identically, if not
slightly better, than PEDOT:PSS as a bottom anode.
Based on these tests, the fact that solar cells using STN had lower PCE’s than similar
devices made with different contacts was due to the STN layer.

8.2 STN’s effect on solar cell performance
Using STN in solar cells yielded less than ideal solar cell performance, but this is not
the full story. To further see how STN influenced solar cell performance solar cells were
made from FTO substrates with and without an STN layer deposited on them.

Current Deensity A/cm2
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-0.002
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interlayer
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Figure 30 Current density – voltage measurements of two illuminated solar cells. One had an
STN interlay deposited onto the FTO cathode and the other did not. This shows that the STN
layer plays an important role in the photovoltaic process. Both devices were light soaked for 2
hours, which will be discussed more in section 8.3

Here we see that an STN interlayer greatly improved the solar cell performance over
a bare FTO contact. This makes sense, as one would expect that since FTO has a lower Fermi
energy than STN the open circuit voltage should be higher for the STN-MoO3 pair of
contacts. Furthermore, one would expect that the recombination at the FTO interface would
be large since it lies in between the electron and hole quasi Fermi energy levels. This explains
why increasing the electric field in the direction that leads charges to the proper electrodes
(i.e. applying a negative voltage) improves the current by pulling holes away more from the
FTO interface (the diffusion current of course brings them closer to the FTO interface
because of recombination). This is synonymous to saying that the FTO-only solar cells had a
low shunt resistance.
In light of this, the STN interlayer appears to be a beneficial but non-ideal interlayer.
Something causes inverted solar cells using STN to be less efficient than normal
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configuration solar cells using standard materials. This could be a property of the STN layer,
such as its conductivity. It could also be that the morphology of the P3HT-PCBM layer in my
devices is not conducive to an inverted geometry or that the STN surface causes the P3HTPCBM layer to assume a worse morphology during spin coating [59]. Alternatively, it may
simply be that the processing parameters are not optimized for use with STN*.

8.3 Light soaking
The next stage in the research plan was to change various parameters of STN, such as
its free electron density, its thickness, and its surface chemistry, and link these material
parameters to device performance. This, however, was not possible. While I didn’t mention it
in the previous section, in order to get the decent solar cell performances reported, I needed to
leave the solar cells illuminated at 1 Sun for several hours. This procedure is called light
soaking and is a widely recognized phenomenon [100]. This effect makes it extremely
difficult to compare the performance of different solar cells, as we will soon see.
I began noticing that light soaking improved the solar cells’ efficiency when I started
using STN contacts deposited on FTO. As I continued to measure devices in section 8.1.2, I
decided to measure and compare the performance of solar cells after 30 minutes of light
exposure. Afterwards, I decided to characterize the effects of light soaking in more detail and
the results are shown in Figure 31. It is obvious from the graph that light soaking for 30
minutes was not enough time for that particular solar cell to attain maximum performance. In
fact, the time it took for each solar cell to reach its final efficiency greatly varied. For some it
happened in a matter of minutes and others hadn’t finished improving even after 4 hours of
light soaking. This is part of the reason that there is a spread in data between solar cells in
Figure 29 and why the MoO3 thickness experiment was not conclusive about the optimal
thickness of MoO3.

*

The effect of changing the thickness of the P3HT-PCBM layer on the efficiency of the
device was not checked in this study because producing the most efficient solar cell was not the goal of
this thesis. It is my guess that the P3HT-PCBM layer is simply not thick enough for the STN devices
(profilometry measurements yield a P3HT-PCBM film thickness of 150 nm). This is consistent with
the fact that the solar cells using STN provide enough voltage and decent fill factors, but have low
short circuit currents.
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Figure
31
Sequential
current
density
–
voltage
measurements
of
a
Glass/FTO/STN/P3HT:PCBM/MoO3/Au solar cell illuminated at 1 sun for longer and longer
periods of time (light soaking). Light exposure causes the curves to shift to the right. This means
that the Voc and the fill factor of the devices are increasing. Looking at the upper right area of
the graph we see that the series resistance of the device also decreases with light exposure (i.e. the
s-shape in the curve dissappears).

Table 8: The performance of a solar cell at the start, in the middle, and at end of the light
soaking treatment

0 min

10 min

2 hr and 30 min

Voc

0.35V

0.54 V

0.55 V

Jsc

-34 nA/cm2

-1.9 mA/cm2

-2.3 mA/cm2

FF

0.27

0.17

0.39

Rs

33 kΩcm2

4.5 kΩcm2

114 Ωcm2

Rp

2.1 kΩcm2

245 Ωcm2

647 Ωcm2

PCE

4.6E-7 %

0.17 %

0.50 %
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Figure 32 Dark current density – voltage measurements of the device from Figure 31 before and
after the 2 hour light soaking treatment at 1 sun. The right graph is a log-log plot of the data in
left graph.

There were two stages to the light soaking improvement seen in the measurements in
Figure 31 and Table 8. In the first 10 minutes, current density-voltage (JV) curves under light
excitation shifted to higher voltages, increasing the VOC and the s-bend due to series
resistance decreased. In the next 2 hours the JV curves barely shifted and the open circuit
voltage stopped increasing, however the series resistance continued to decrease. At the same
time the dark current shows a lower turn-on voltage (Error! Reference source not found.).
However, the time dependence of the light soaking phenomena varied between solar
cells that were made using nominally the same process. This means that there was some
parameter of the solar cell that I was not controlling and which was greatly influencing solar
cell performance. This would make the results of future investigations of the material
properties of STN on solar cell performance vague at best, similar to the investigation into the
thickness of MoO3. It is for this reason that the research took a turn and I tried to discover the
source of the light soaking improvement.
Light soaking improvements were seen in devices with several different device
configurations.

FTO/STN/P3HT:PCBM/MoO3/Au,

FTO/P3HT:PCBM/MoO3/Au,

and

*

ITO/P3HT:PCBM/MoO3/Au solar cells all showed light soaking improvement . Normal
configuration devices which had the device structure ITO/PEDOT:PSS/P3HT:PCBM/Ca/Ag
(see section 8.1.1) or ITO/MoO3/P3HT:PCBM/Ca/Al/Au (devices made by Osnat Magen and
Victoria Zayats in Nir Tessler’s lab) did not show any light soaking behavior.
As mentioned in section 4.4, a solar cell’s contacts can limit its open circuit voltage.
The rise in open circuit voltage I measured could be explained if STN’s Fermi energy level
was significantly lower than PCBM’s electron quasi-Fermi energy level and slowly rose as
the device was exposed to light. Alternatively, various kinds of trapping phenomena that
occur in disordered materials, such as P3HT and PCBM, are optically excited and can

*

Light soaking experiments had unfortunately not been tried out on devices made with STN
on SrTiO3 from section 7.6.8 and 7.6.9
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improve solar cell performance [23]. For instance, optically generated charges could fall into
deep long-lived trap states. After enough time, these states may be filled allowing charges to
occupy higher energy states and be more mobile, increasing the voltage and decreasing the
series resistance. Another possibility, however unlikely, is that charges already occupy deep
traps with small capture cross-sections so that light excites charges out of these states,
producing similar trends. It is questionable, though, how much trapping phenomena in the
absorbing layer could improve voltage and why we don’t see their influence in normal
configuration solar cells. Ultimately, I needed another type of experiment to reveal what the
source of the light soaking improvement is.

9 Discussion of single carrier device results
Solar cells have many electronic processes happening at the same time. It was
difficult to tease out what was happening inside a complete solar cell when electrons residing
in PCBM domains and holes residing in P3HT domains reached the STN layer. In light of this
problem, I made metal-insulator-metal (MIM) type devices consisting of just PCBM or
P3HT. By measuring the devices’ electrical properties I could explore the injection, transport,
and collection of holes and electrons separately, since only one free charge carrier type was
present in each material. Additionally, since the STN contact was transparent I could also
expose these devices to light. This allowed me to see how light affected the electronic
processes in the device and led to an understanding of the source of STN’s light soaking
improvement.

9.1 Initial experiments and the theory of charge conduction in dielectric
materials
Before testing MIM devices using STN, several devices using well understood
contact materials were tested first to give an idea of what to expect in these kinds of
measurements.

I

first

measured

the

current

density-voltage

characteristics

of

ITO/PEDOT:PSS/P3HT/MoO3/Ag devices. It is highly unlikely that MoO3 or PEDOT:PSS
can inject electrons into P3HT’s conduction band, so we can safely attribute measured current
to holes moving through the material. The contacts are expected to be close to Ohmic such
that we can expect basic dielectric conduction theory [101] [102] to describe the behavior of
these devices.
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Figure 33 A current density – voltage measurement of a single carrier hole transport MIM
device. The geometry of the device is ITO/PEDOT:PSS/P3HT/MoO3/Ag. The MoO3 electrode
injects holes into P3HT when the voltage is negative and the PEDOT:PSS electrode injects holes
when the voltage is positive.

There are two main regimes of current conduction for dielectric materials (insulators).
At low voltages, the charge injected into the dielectric layer is negligible and only thermal
free carriers in the dielectric layer are responsible for conduction. In this case current follows
Ohm’s law:
(16)
where J is the current density, e is the charge of an electron, n is the free electron density in
the dielectric layer, μn is the mobility of electrons, V is the applied voltage, and L is the
thickness of the dielectric layer (i.e. P3HT’s thickness). At high voltages, the injected charge
density is so large that it begins to change the electric field inside the dielectric layer and the
current follows Child’s law [102]:
(17)
where ε is the permittivity of the dielectric layer. This second regime, also called the space
charge limited conduction (SCLC) regime, is what is seen in Figure 33. In order to see the
lower voltage/current region we need to show the data in a log-log plot. The absolute values
of the negative voltage data are used so that they can be plotted on top of the positive voltage
data in order to compare between injection from MoO3 and injection from PEDOT:PSS.
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Figure 34 A log-log plot of the current density – voltage measurement shown in Figure 33, where
the absolute value of the data points in the 3 rd quadrant were used so that the two curves could be
compared to each other. Injection rates were identical for both electrodes. The 8 highest and
lowest points were used in linear fits and are shown by the two black lines. The two fits almost
show the transition from the Ohmic to the space charge limited (SCL) regime. The goodness of fit
is R2=1 for both fits.

The first thing we can see is that the current voltage behavior for holes injected from
PEDOT:PSS and collected by MoO3 is nearly identical to current voltage behavior for holes
flowing in the opposite direction. This is to be expected because both Ohm’s law and Child’s
law only depend on the bulk properties of the P3HT layer and do not depend on the injection
or collection barrier at the interfaces. As long as the electrodes are able to supply enough
current for these two regimes the electrodes are invisible in the current voltage behavior. This
is almost certainly the case for PEDOT:PSS and MoO3, as it is extremely unlikely that MoO3
and PEDOT:PSS are poor injectors/collectors with exactly the same injection/extraction rates.
We will see later that there is another implicit assumption necessary for the forward and
reverse currents to be identical.
In Figure 34, I included linear fits of the log-log curves. While I can clearly see
Ohmic behavior at lower voltages, the device hasn’t fully transitioned into SCLC behavior at
the highest voltages applied. Even at 3.6 volts, the slope of the JV curve was less than 2. It is
well known that passing large amounts of current through conductive polymers can heat up
and even destroy the polymer layer, so in general one tends to be on the conservative side of
using lower voltages. However, I wanted to see if I would indeed get a slope equal to 2 if I
applied high enough voltages.
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Figure 35 A current density – voltage measurement of device similar to the one used in Figure 33
and Figure 34. The measurement swept from negative to positive voltages. At high positive
voltages the P3HT layer became too hot, which increased the device’s resistance.

Unfortunately, it turns out that applying voltages larger than 5V caused so much
current to flow through the device that the polymer began to heat up and conductivity dropped
dramatically. Still, even going 1 volt higher was enough to see that a slope of 2 is indeed
reached*.

* One of the reasons it is desirable to measure the SCL regime is that you can find out the
transition voltage, , between the Ohmic and SCL regimes (this is the voltage at which linear fits of
the Ohmic and SCL regimes intersect).
allows you to calculate the intrinsic thermal free carrier
density, n0, in the polymer (dielectric) layer via the equation
[101]. Here e is the charge an
electron, L is the thickness of the polymer layer (L = 140 nm), and ε is the dielectric permitivity of the
polymer (assumed to be 3×ε0). In Figure 36,
= 2.41 volts and n0 = 2.1×1016 holes/cm^3.
Calculating mobility using the ohmic region and the value I calculated for n0, I get μ = 0.008 cm^2/Vs.
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Figure 36 A log-log plot of the current density-voltage measurement shown in Figure 35. Only
MoO3 injection (negative voltage) is shown. The two lines are fits of the high and low voltage
sections of the curve (each had an R2 = 1). The slope was approximately one for low voltages,
which is characteristic of ohmic conduction. The slope was approximately two at higher voltages,
which is characteristic of SCL conduction.

9.2 An in depth study of STN through single carrier devices
Having seen that the initial MIM devices were able to be explained by basic dielectric
conduction theory [101] [102], I was ready to begin analyzing STN. The plan was to create 4
sets of devices:
Table 9: The structures of the single carrier devices used to investigate STN

Top Contact
Semiconductor
Bottom Contact

STN Electron
Devices
Ca
PCBM
STN

FTO Electron
Devices
Ca
PCBM
FTO

STN Hole
Devices
MoO3
P3HT
STN

FTO Hole
Devices
MoO3
P3HT
FTO

Below are band diagrams that describe the expected forward bias conduction of the
four different devices listed above.
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Figure 37 Band diagrams describing the predictions made for the four sets of MIM single carrier
devices. They all depict forward bias, which is defined as injection from the ohmic contact (the
top contact in this case, see Table 9). It was predicted that the current densities at forward bias
would be high for all the devices except the STN hole device. We shall see that these predictions
are grossly over simplistic†. Quasi-Fermi energy levels move downward from left to right for the
electron devices and move upward from left to right for the hole devices. I do not draw the quasifermi energy levels because they depend on many parameters and can be unintuitive (see section
3.7)*. These diagrams are purely sketches and are not based on numerical simulations.

We were primarily interested in whether STN can extract electrons from PCBM and
block holes from P3HT. To measure this, one set of MIM devices would be composed of an
electrode which would efficiently inject electrons into PCBM and an electrode made of STN.
Measuring the forward current (injecting from the Ohmic contact and collecting with STN)
would mainly indicate how well electrons were able to leave the device. Likewise, another

*

MoO3 is not a metal, it is metal oxide with a very high electron affinity (low conduction
band) [96]. The material is usually very n-type due to oxygen vacancies, since it is deposited by
thermal evaporation in vacuum. Because MoO3’s conduction band is much lower than P3HT’s HOMO,
a huge dipole is created between the two materials and MoO3 Fermi energy level settles slightly above
the HOMO level of P3HT. The dipole between the two materials can also be viewed as MoO 3 doping
the P3HT p-type very near the interface. This leads to efficient hole extraction and injection from
MoO3 and thus I show MoO3 as a metal in Figure 43.
†
I present these over simplified band diagrams to help the reader understand the intent of the
experiment as well as what the level of understanding for MIM devices was at the time. The observant
reader will notice that these devices are depicted at different voltage biases (this would have been much
clearer if I drew the quasi-Fermi energy levels). This was done so that it would be obvious that the
devices were forward injecting. If I had used the same applied voltage for all of them I would have had
to show how the built in field affects the device, which was unaccounted for in my initial predictions.
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device would be made using an electrode which efficiently injected holes into P3HT and an
electrode made of STN. Again, the forward current would primarily measure how well holes
were collected. Similar devices would be made using an FTO electrode, without the STN
interlayer, to serve as reference devices. Calcium and MoO3 were chosen to be the electron
injecting contact and hole injecting contact, respectively.
Calcium can easily inject electrons into PCBM and STN should be able to easily accept electrons
from PCBM. The forward current of the STN electron device was therefore expected to be
Ohmic at low voltages and SCL at higher voltages, just like devices from the previous section (see

Figure 37). Similar behavior was expected for FTO electron devices, since FTO also
should be able to collect electrons with no difficulty. The two electron devices wouldn’t have
identical forward currents though because even a slight difference in the PCBM layers’
thicknesses would produce noticeably different currents (in Child’s law J 

1
, where L is
L3

the thickness of the dielectric material).
MoO3 can readily inject holes into P3HT as we saw in the previous experiment. STN
should block holes and thus the STN hole device’s forward current should be lower than what
the bulk properties of P3HT would allow. FTO shouldn’t be able to block holes (see section
4.4), so FTO hole devices were expected to have forward currents which were Ohmic at low
voltages and transitioned to SCL at higher voltages.
We will see from experimental data that these predictions did not line up well with
reality. There are several considerations for these devices that were not taken into account in
basic dielectric conduction theory and the predictions described above and the band diagrams
shown in
Figure 37 are overly simplistic.
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9.3 Evidence that a more sophisticated theory is needed
9.3.1 Electron devices
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Figure 38 Current density – voltage measurements of an STN electron device (black lines) and
an FTO electron device (red lines). Forward currents ( injection from Ca) are depicted by the
solid lines and reverse currents (injection from the bottom contacts) are depicted by the dashed
lines. The device geometries were FTO/STN/PCBM/Ca/Al/Au and FTO/PCBM/Ca/Al/Au.
Linear fits of the log-log data are shown based on 5-10 points in the low voltage or high voltage
regions of the graph.

FTO electron devices and STN electron devices were constructed in parallel. The
devices had the configuration (FTO or FTO/STN)/PCBM/Ca/Al/Au, where the PCBM layer
was 130 nm thick, the Ca layer was 20 nm thick, the Al layer was 240 nm thick, and the Au
layer was 100 nm thick. The devices were made using the same PCBM solution and the top
contacts were evaporated at the same time. The original predictions were that the STN and
FTO electron devices would have very similar forward currents. Instead, we see that the STN
device’s forward current was nearly 4 orders of magnitude lower than the FTO electron
device’s forward current. Not only that, but the slope of the STN forward injection curve (the
black line) also showed a steep increase around 1V. The slope reached a maximum value of
nearly 14.5, which is much higher than the slope predicted by SCL conduction.
Sharp increases in the current density in MIM devices are often attributed to the
filling of deep traps in the dielectric layer. If there are many deep traps in the dielectric, some
of them are empty due to Fermi-Dirac statistics. The first injected charges become trapped by
these deep empty traps and the resulting current is due only to the few thermal free charge
carriers participating in Ohmic conduction. When all the traps are filled injected charge
carriers increase the free charge carrier density dramatically, resulting in a steep increase in
current [101].
Since the traps occur in the dielectric material, it doesn’t matter which contact injects
the charge carriers, they will still be trapped. This means that usually both the forward and
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reverse currents are equally low and then experience a sharp increase in current at the same
voltage*. We see that this is not the case for the forward and reverse currents of the STN
electron device. In fact a huge 4 order of magnitude split in the forward and reverse currents
is seen. Such asymmetric currents are not explainable with basic dielectric conduction theory.
The FTO electron device also shows some peculiarities that can’t be explained by
basic dielectric conduction theory. At high voltages, the log(J)-log(V) curve has a slope
greater than 2. This could also be the onset of the filling of deep traps. It is far more puzzling
that the FTO device has such high currents compared to those of the STN device in the low
voltage/Ohmic regime. One might argue that the PCBM layer in the FTO device has far less
traps in it than the PCBM layer in the STN device. Since the PCBM films were spin coated
from the same solution onto the FTO and STN electrodes, the only possible explanations for
such a difference in trap density would be a difference in crystallinity due to the wetting
properties of the electrodes or some sort of surface interaction between the electrodes and
PCBM. Neither seems likely to produce the requisite difference in trap density.
Explanations seeking to attribute the low current in the STN device to the STN layer
having a high resistivity fail as well because of the huge current increase we see at higher
voltages. Explanations based on the presence of an energy barrier for electrons to enter STN
which is then overcome by tunneling at higher voltages can’t be ruled out, but activation of a
tunneling pathway is unlikely to occur at such low applied voltages. Additionally, one would
still have to explain the slope of 3.2 observed in the FTO electron device at high voltages.
In summary, the STN device’s current was extremely low and explanations
based on deep traps in PCBM or STN having an energy level misalignment with PCBM do
not fit all the observations well.

9.3.2 The effect of light soaking
While the above measurements were unexpected and puzzling, it is the effect of light
soaking on all of the single carrier devices that shows conclusively that there are factors
affecting device behavior that are not taken into account by basic dielectric conduction
theory. I will briefly go over the data as motivation for introducing the more complex theory
needed to understand these measurements. After introducing this theory, I will return to
analyzing the measurements in more depth.

*

The amount of injected charge inside the device is determined by the capacitance of the
dielectric layer and the voltage bias applied. The steep charge increase happens when enough charge
carriers are in the device and thus occurs at a specific voltage and does not depend on how fast the
contact injects current.
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Figure 39 Current density-voltage measurements for the 4 sets of MIM devices. A) STN electron
device B) STN hole device C) FTO electron device D) FTO hole device. The solid lines are
forward bias curves (injection from Ca or MoO3) and the dashed lines are reverse bias curves
(injection from STN or FTO).

The initial motivation for measuring single carrier devices was to investigate the
interesting light soaking behavior seen in solar cells. If exposing single carrier devices to light
affected the MIM devices, I could learn a about what was causing the light soaking behavior
in solar cells. Fortunately it appears that the MIM devices were measurably affected by light
soaking* (see Figure 39). The light soaking treatment consisted of exposing MIM devices for
2-3 hours of light at a power of 3 Suns. The devices were returned to a dark environment and
the electrical measurements were then performed. Since we are measuring the exact same
devices, any changes between the initial measurements and the measurements after light
soaking must be due to the changes caused by light soaking. This of course was confirmed by
seeing that devices which were left in their holder (which preserves the devices in an N2
environment), but not exposed to light, didn’t show any change in their behavior.

*

This shouldn’t be taken for granted. P3HT creates excitons when it absorbs a photon and
without PCBM molecules close by to split those excitons the photogenerated carrier density inside the
hole devices was quite small. Similarly, PCBM absorbs light very weakly. It was quite possible that the
effect of light soaking would have only been evident with high carrier densities such as those present in
the BHJ solar cell. It appears though that light soaking for longer periods of time with strong light
intensities was sufficient.
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In Figure 39 there are two important observations made from observing all the data at
once. First, all of the current density – voltage measurements showed a difference between
forward and reverse currents at high voltages after undergoing light soaking treatments (the
red solid lines and the red dashed lines, respectively). In basic dielectric conduction theory the
forward and reverse currents should be identical. Here we see that regardless of the contacts
or the dielectric used in the MIM device we get asymmetric forward and reverse currents.
This effect is therefore due to some general property of the contacts or the dielectric and not
something specifically connected to STN.
The other important observation is that in graphs A and C, the electron only devices,
light soaking increased the currents through the device. This is the exact opposite of the hole
only devices (graphs B and D). There we see that exposing the devices to light actually
lowered the current through the device. Usually light exposure increases the conductivity of
MIM devices. The reason is that when free photogenerated carriers or bound photo-excited
excitons come close to a deep trap, one of the charge carriers becomes trapped while the other
charge carrier adds to the free charge carrier density. This enhanced conductivity remains
until the trapped charge carriers recombine with free charge carriers, and thus could remain
even after the illumination was stopped. However, this mechanism cannot explain the fact that
light exposure actually lowers conductivity for the hole devices. This photo-induced decrease
in conductivity can’t be explained by device contacts becoming poorer injectors or collectors
either. The current decreases primarily in the Ohmic regime where conduction is mediated by
intrinsic thermal free charges, not injected charges. Additionally, the current decreases
equally for forward and reverse currents.
A more appropriate theory is needed to explain these observations and the
observations from the previous section.

9.4 The extended theory: the effect of having contacts with different work
functions
In basic dielectric conduction theory the forward and reverse currents are equal
because Ohmic and SCL conduction are independent of the contacts’ properties [101] [102]
(see Figure 40A). The derivations of these conduction regimes neglected diffusion. According
to works in the 1960s and 1970s neglecting diffusion is only valid when there is no built-in
field across the device [103] [104]. When there is a built-in field pointing from one electrode
to the other electrode across the entire device, the forward and reverse currents do not obey
simple Ohmic and SCL behavior and the forward and reverse currents are not equal (Figure
40B). In the past, MIM devices were used to study insulators. These devices used two
contacts made of the same material (symmetric contacts) so that there was no built-in field
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across the device and thus one could take advantage of basic dielectric conduction theory to
study various properties of the insulator. In my situation Ca has a lower work function than
STN and MoO3 has a higher work function than STN (asymmetric contacts) so that there are
built-in fields across these MIM devices.
Closed form solutions for the currents in devices with asymmetric contacts are almost
impossible to attain, though rigorous solutions have been shown [103]. Additionally, device
behavior can still be calculated numerically [105]. Based on these works there are three main
regimes of current flow in these MIM devices (see Figure 40B). For small forward biases (the
small positive voltage diagram in Figure 40B), a diffusion current is responsible for current
flow. The current is low because diffusion is opposed by a small drift force in the opposite
direction due to the built-in field. As the bias increases, the electric field inside the device
decreases until it reaches a transition point and flips directions. At the same time the quasiFermi energy level moves closer to the relevant band edge, resulting in a rapidly increasing
charge carrier density and current flow. After the transition voltage, the total electric field
points in the same direction as the externally applied field and SCL conduction is obtained. In
the reverse direction, a huge drift force is opposed by strong diffusion. There is no transition
point and the contact that is injecting current is a poor injector (see the reverse bias diagram in
Figure 40B), therefore the reverse current for the device will always be smaller than Ohmic
and SCL currents (which are only based on the MIM’s dielectric layer’s capability to conduct
current). According to this theoretical framework, the currents for a device with a built-in
field across the device should always be lower than the currents for a device with the same
dielectric but with symmetric Ohmic contacts.
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Figure 40 A) Band diagrams for positive and negative biased conduction in a MIM device with
no built-in field across the device (i.e. the contacts have the same work function). Two regimes
are present, Ohmic and SCL and behave identically for reverse and forward bias [101] [102]. The
arrows represent the strength and direction of the drift electron flow/electric force acting on
electrons. B) Band digrams for a MIM device with a built-in field based on calculations by
Wright [103] [104]. This built-in field causes a competition between drift and diffusion forces for
negative biases and for small positive biases. The current is greatly reduced because they oppose
each other. At positive biases larger than the built-in voltage, drift and diffusion point in the
same direction and SCL current behavior is obtained [103].

Based on the above discussion one can tell if a MIM device has a built-in field using
current density-voltage measurements. If the device has a built-in field, J-V measurements
will look like Figure 41. If the device doesn’t have a built-in field, J-V measurements will
look like Figure 34 and Figure 36. It is not a simple matter to try to extract material properties
from J-V curves of MIM devices with built-in fields like it was for MIM without built-in
fields (see section 9.1). One would either have to find/develop the correct analytical model
with the right approximations or develop a numerical simulation and try to match it to the
data. For this reason, I will mostly use qualitative data from these measurements.
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Figure 41 A) a log-log plot of the theoretical current density – voltage curve for an MIM system
with a built-in field, taken from Wright [103]. The dashed line is for a similar device with a
thicker insulating layer. B) a similar log-log plot of J-V curves for MIM devices which have builtin fields as computed by Page [104]. The bottom set of curves is for a device with a higher density
of traps. In both graphs we see that the JV behavior of an MIM device is very sensitive to the
properties of the materials, especially the difference between contacts’ work functions. A built-in
field can cause a several order of magnitude difference in forward and reverse currents.

9.5 Analysis of single carrier device measurements
9.5.1 FTO hole devices
I will now analyze the measurements from each of the device sets using the
modified dielectric conduction theory described above. FTO hole devices are analyzed first
since they are the simplest case.
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Figure 42 Currrent density – voltage measurements for 2 FTO hole-only MIM devices. The
ohmic regime is clearly identified by the slope of 1 in the linear fits of J-V curves at low voltages.
At higher voltages the forward and reverse bias currents split and a greater than 2 slope is
observed for the solid red curve.

Here

we

see

current

density-voltage

measurements

of

two

different

FTO/P3HT/MoO3/Au devices built on the same chip. The P3HT layer was 95nm thick, the
MoO3 was 10 nm thick, and the Au layer was 240 nm thick. Since they were on the same
chip, the devices’ P3HT layers had nearly the same thickness, degree of crystallinity, and
doping level. All four devices had similar behavior showing that the measurement was
reliable*. Below are the band diagrams describing the FTO hole devices’ behavior.

* The slight difference between the device’s J-V curves can be explained by the geometry of
the device layout on the chip (see Figure 21). The inner two devices were slightly farther away from
the bottom contact leads and so had slightly higher series resistance than the two devices on the edge of
the chip. Device 1 was on the edge of the chip and device 2 was on the inside of the chip.
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Figure 43 Band diagrams for FTO/P3HT/MoO3 devices before the light soaking treatment in A)
reverse current, B) 0 bias, and C) forward bias after the transition regime (electric field assists
conduction). MoO3 is not of course a metal, it is an n-type metal oxide with a very high electron
affinity (very low conduction band). However because it forms an Ohmic contact with P3HT it
can be treated as if it were a metal (see the footnote from
Figure 37). These are just sketches and are not based on numerical simulations *. For this reason
the quasi-Fermi energy level is not included. Too many factors are at play to draw its shape with
reasonable accuracy.

The built-in field between MoO3 and FTO is expected to be fairly small (~0.3 eV).
This means that there should be some current asymmetry between forward and reverse
currents, but that it shouldn’t been too large. It also means that there will be a transition
region for the forward bias curves when the electric field changes direction. The slope of the
forward current should rise slighter higher than 2 near the transition voltage and then return to
2 at higher voltages.
As expected, the current density was proportional to the voltage at low voltages. Thus
at these voltages the device was operating in the Ohmic regime. At higher voltages, we see
that the current density began to increase super-linearly and for the forward conduction of
device 1 we do in fact see a slope greater than 2†. We also see a little bit of splitting between
the forward and reverse currents.
In Figure 44 we see the effects on light soaking on the FTO hole devices.

* The bands are straight lines in these diagrams because there are too many parameters at
work to know what they look like without numerical simulations and not because the field in the device
is known to be linear.
† all linear fits used at least 5 points and the R2 value for all 6 fits was 1.
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Figure 44 Current density-voltage measurements of the two devices from Figure 42 before and
after being light soaked at a power of 3 suns for 2 hours. The graph on the left is for device 1 and
the graph on the right is for device 2. Light soaking enhances the asymmetry between forward
and reverse currents and increases the slope of the J-V curve at higher voltages for most of the
devices. All linear fits had an R2 =1.

As noted in section 9.3.2 we see that light soaking has increased the separation
between forward and reverse currents even more. We also see that the current has decreased
in the Ohmic regime (low voltage regime). We can explain these observations now as the
results of an increase in the built-in field in the device due to light soaking.
In order to say more than that, I will use results from the FTO electron devices which
will be analyzed later in section 9.5.3. For these Ca/PCBM/FTO devices light soaking also
caused changes in the built-in field. Since calcium is not very likely to change its Fermi
energy level due to light soaking, the shift in the built-in field is attributed to a shift in FTO’s
Fermi energy level. For this reason the increase in the built-in field for the FTO hole device is
also attributed to an increase in FTO’s Fermi energy due to light soaking rather than to a
decrease in MoO3’s Fermi energy level due to light soaking.
While I didn’t mention it in section 8.2, I also saw that FTO solar cells’ Voc’s
improved after light soaking, just like in STN solar cells (although to a lesser extent). As
mentioned in section 4.4, a larger built-in field can increase the open circuit voltage of a solar
cell. This measurement is consistent with the FTO hole device analysis that FTO’s Fermi
energy level rises due to light soaking.

9.5.2 STN hole devices
The STN layer was deposited on FTO according to the conditions listed in Table 6.
The STN hole device and the FTO hole device were spin coated with the same process using
the same vial of solution and had the top contact deposited at the same time. They had nearly
the same P3HT thickness as well. The STN hole device had a P3HT thickness of 90nm, and
the FTO hole device had a thickness of 95nm. It is therefore solely the additional STN layer
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that accounts for a nearly 3 orders of magnitude difference in current density between these
two devices as shown in Figure 45.
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Figure 45 Current density – voltage measurements of an STN hole device compared to
measurements of an FTO hole device. The device geometries were FTO/STN/P3HT/MoO 3/Au
and FTO/P3HT/MoO3/Au, respectively. Here forward bias means that MoO3 injects holes and
reverse bias means STN injects holes. The STN device shows currents that are 3 orders of
magnitude lower than the FTO device. The MoO 3 injection curve then shows a large increase at
higher voltages. This creates a very large current asymmetry between forward and reverse
currents for the STN hole device.
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Figure 46 Band diagrams for FTO/STN/P3HT/MoO3 devices after the light soaking treatment * in
A) reverse current, B) 0 bias, and C) forward bias before the electric field transition D) forward
bias after the electric field transition. Current collection and injection by STN is mediated by
surface recombination/generation as discussed in section 4.4. These are just sketches and are not
based on numerical simulations (see the footnote of Figure 43 for more details).

The difference between forward and reverse currents is much larger in the STN hole
device than the FTO hole device. The STN hole device has much lower currents in the low
voltage regime than the FTO hole device. These observations mean that there is a larger builtin field between STN and MoO3 than the built-in field between FTO and MoO3 and
*

The current-voltage measurements of MIM devices do not really tell us anything about the
relative positions of the valence and conduction bands of STN relative to the HOMO and LUMO of
P3HT. All they tell us is the difference between the Fermi energy levels of the contacts. I drew the STN
layer as strongly n-typed dope as an assumption. This assumption will be looked at more closely in
Figure 52 and in section 9.6
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consequently that STN’s Fermi energy level is higher than FTO’s. This was confirmed by
Kelvin probe measurements (see Appendix A2).
The built in field prevents MoO3 from injecting significant quantities of holes (see
Figure 46 B) until the applied voltage approaches the transition point when the built-in field is
cancelled by the applied field. Near this transition there is a steep increase in current seen
between 0.3 to 3 volts in Figure 45. After the transition point is crossed the current becomes
SCL and the slope of the log(J) vs log(V) curve is m=2 [103]. This would imply that the
transition point was not reached even at the highest voltage measured for this device, as the
JV curve did not level off to a slope of m=2.
The analysis of when the transition voltage is reached should be taken with a grain of
salt. The literature for MIM devices with built in-fields analyzed situations involving
metal/insulator/metal devices. Here we use a device made of an n-type semiconductor/hole
conducting intrinsic semiconductor/n-type semiconductor. While the drift-diffusion
considerations introduced in section 9.4 should be the same for both types, the details of
exactly when the steep voltage increase occurs and what the slopes of the graph are in the
transition regime may not be applicable.
Taking a step back, it is quite unexpected that holes are being collected by STN at all.
One might argue that this is proof that STN is not a hole blocking layer. For this reason one
future experiment should be to replace STN with a known hole blocking layer (or make an
electron device using a known electron blocking layer such as NiO [79]) and check to see if
that device has low currents even at high voltages. As it stands, there is insufficient evidence
to determine whether STN is actually a hole blocking layer or not. Another explanation for
the high hole current is that STN is a hole blocking layer, but when holes collect at its
interface they may raise the surface recombination discussed in section 4.4 so high that STN
begins to extract a significant amount of holes. This is what is depicted in the band diagrams
in Figure 46.
Turning now to the light soaking data for STN hole devices shown in Figure 47, we
see that the data is easy to interpret. The decrease in current after light exposure and the
increased gap between forward and reverse currents at higher voltages indicates that the builtin field increased. Either MoO3’s Fermi energy level dropped or STN’s Fermi energy level
rose. We will see in section 9.5.4 that STN’s Fermi energy level rose upon light exposure.
Thus I attribute the increased built-in field to a rise in STN’s Fermi energy level here as well.
This is the long sought after result- confirmation that STN’s Fermi energy level increases
upon light soaking. All that remains now is to show that the electron devices yield congruent
results.
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Figure 47 Current density – voltage measurements for an STN hole device before and after
undergoing a 2 hour light soaking treatment at a power of 3 Suns. The device geometry was
FTO/STN/P3HT/MoO3/Au. As a result of the treatment Ohmic conduction (the low voltage
regime) drops and the asymmetry between forward and reverse currents increases.

As an aside, longer light soaking treatments were carried out, up to 12 hours, but the
results were virtually the same as the 2 hour case. To check that we were in fact investigating
single carrier devices and that no electrons were injected by the STN electrode, I looked at the
device in the dark when 10 mA/cm2 of current were running through the device. No light was
seen. If electrons had been injected and contributed even moderately to the current, the device
would have emitted enough light to be detectable by eye

9.5.3 FTO electron devices
FTO/PCBM/Ca/Al/Au devices had a PCBM layer 130 nm thick, a Ca layer 20 nm
thick, an Al layer 240 nm thick, and an Au layer 100 nm thick. Below is the initial current
density-voltage measurement of the FTO electron device.
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Figure 48 Current density – voltage measurements of an FTO electron device. The device
geometry was FTO/PCBM/Ca/Al/Au. No current asymmetry is seen, however a slope of 3.2 is
observed for large voltages which needs to be explained.

The first thing that stands out is that the forward and reverse biases don’t show any
asymmetry. Up until now I have stated that the built-in field produces an asymmetry in the
forward and reverse biases. The lack of a visible forward and reverse bias asymmetry is not
enough to conclude though that there is no built-in field, especially since there is expected to
be a large work function difference between Ca and FTO. The greater than 2 slope of the JV
curve at large voltages gives us reason to believe that there is in fact a built-in field. The large
slope might also have been due to the presence of deep traps in the PCBM film though. More
conclusively, we do see a forward-reverse bias asymmetry after the device was soaked in light
for 2 hours and 30 minutes, seen in the graph below.
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Figure 49 Current density – voltage measurements for the same device as Figure 48 before and
after undergoing 2 hours and 30 minutes of light soaking at a power of 3 suns. The light soaking
treatment resulted in a current asymmetry between forward and reverse currents.

This asymmetry means that there is at the very least a built-in field after the device is
exposed to light. If the device had no initial built-in field and light exposure created one, we
would expect to see a decrease in current at lower voltages after light exposure like in figures
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45 and 47. Since we see no change in the current in the Ohmic region, we can rule out this
possibility. It is more likely that there was a large built in field between FTO and Ca (shown
in Figure 50) and that as FTO’s Fermi energy level rose during light exposure, the built in
field decreased. It is plausible that when the built-in field is quite large a relatively small
decrease in the built-in field does not drastically change the charge distribution at low
voltages and thus the current voltage profile at low voltages may not discernibly change*.
If this is the case, I still need to explain why I don’t see any current asymmetry in the
initial measurement. When the built-in voltage decreases not only does the separation
between forward and reverse biases decrease, but the transition point when the applied
voltage cancels out the built in voltage also happens at a lower voltage. As discussed
previously in section 9.4, near this transition point there is a huge increase in current. Until
the applied voltage approaches this region the forward and reverse bias will be very similar to
each other regardless of how large the asymmetry is at higher voltages (this is best illustrated
by the black curve in Figure 51). This explains the sudden visibility of the asymmetry in
forward and reverse bias after light soaking. The FTO electron device before light soaking
had a bias asymmetry, but it would have only been measurable at higher voltages†. When the
built-in field decreased the voltage asymmetry happened at lower voltages.
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Figure 50 Band diagrams for an FTO/PCBM/Ca/Al/Au device before light soaking‡ in A) reverse
current, B) 0 bias, and C) forward bias before the electric field transition. These are just sketches
and are not based on numerical simulations (see the footnote of Figure 43 for more details).

As to which material changed due to the light soaking I note that the only way for
calcium to change its Fermi energy is through a surface dipole. Calcium binds too strongly to

* This explanation implies that in all the other the devices either the pre- or post-light soaking
built-in field must have been small so that changing the built-in field did produce a noticeable change
in the current voltage curve at low voltages. For the astute reader this may pose a bit of a problem. We
saw in
Figure 38 and Figure 39 that the FTO electron device has larger currents than the STN
electron device, even after the STN electron device was light soaked. If the built-in field was the only
thing changing the current flow in the devices then we would expect that if FTO has a high built-in
field, it’s current should always be lower than devices with less built-in field. While not enough data
exists to come to a definite conclusion about this, I think that the STN layer has a much lower mobility
than what I was aiming for and that this adds resistance to the STN devices such that they are
sometimes lower than FTO devices current.
† Given the fact that I’m already seeing the >2 slope, the asymmetry probably would have
happened in the next voltage decade.
‡The diagrams would not change much after light soaking as discussed in this section
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oxygen adatoms for the dipole to be changed by light exposure. I therefore conclude that it is
an increase in FTO’s Fermi energy level due to light soaking that caused the change in the
built-in field. This of course agrees with the analysis made in section 9.5.1.

9.5.4 STN electron devices
As we saw in section 9.3.1, STN electron devices initially were far less conductive
than would have been expected if STN had a high Fermi energy level. The first current
density-voltage measurement of the STN electron device had a huge voltage bias asymmetry
(see the black curve in Figure 51). This meant that a huge built-in field was present and that
STN had a much lower Fermi energy level than previously expected.
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Figure 51 Current density – voltage measurements of an STN electron device before and after
various treatments. The device geometry wad FTO/STN/PCBM/Ca/Al/Au. The black lines are
initial measurements of the device and show extremely low ohmic conduction followed by a steep
rise in the current (the slope is ~14.5) for Ca injection. Also, a current asymmetry of larger than
3 orders of magnitude is seen between forward and reverse biases. The green curve shows the
device after 2 hours of light soaking at a power of 3 suns. The ohmic current increases and the
current asymmetry decreases*. The orange and blue lines are measurements after a voltage ramp
up to 3-4 volts was applied several times. This increased ohmic conduction and reduced current
asymmetry.

After light soaking for 2 hours the device showed a significant increase in both the
forward and reverse currents. Furthermore, the asymmetry between forward and reverse
currents decreased and it also began at an earlier voltage. This is a very good indication that

*

Another interesting observation is that the green STN injection line shows a slope of ~0.5 at
0.3 volts. This is a prediction of Wright’s model for dielectric diodes [103] and can’t be explained with
normal dielectric conduction theory. It is unknown why this feature appears only in the green
measurement.
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the built-in field decreased and thus that STN’s Fermi energy level rose. This agrees with the
conclusions from the STN hole device.
Even after light exposure the asymmetry had not gone away entirely and thus a builtin field still existed. When applying voltages larger than 3-4 volts to the device for a couple of
seconds I saw that this asymmetry decreased until it almost disappeared. Likewise the total
current increased another order of magnitude. Thus it appears that applying a large voltage
can move STN’s Fermi energy level even higher. This can be explained if STN’s Fermi
energy level improvement can be mediated through electrons being injected into it from
PCBM. It is likely that light soaking does not fully lift STN’s Fermi energy level because
PCBM is a poor absorber and so it generates relatively few electrons which it can donate to
STN. It is not surprising that passing a large current through the device would improve the
device, even after light soaking. The main point, though, is that the electrical current
treatment seems to nearly eliminate the built-in field the STN electron device and means that
STN can have a high Fermi energy level. If we make a crude approximation and assume that
current in the linear regime is dictated by the charge density near the STN contact and that
this density obeys Boltzmann statistics, then an increase of 105 corresponds to a Fermi-Level
shift of ~0.3eV. In the hole only devices we see a much smaller effect probably due to the
P3HT layer being doped and the charge density being less dependent on the contact’s
workfunction.
In sum total, we have seen that the JV behavior of MIM devices can display a variety
of characteristics. These characteristics can be interpreted and used to differentiate between
the presence of traps in the insulator and the device’s built-in field. It was shown that the data
for my devices is consistent with a built-in field that is modified by light soaking. The best
explanation of the data is that STN’s Fermi energy level rises upon light soaking. This
corroborates results from the light soaking measurements on solar cells.
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Figure 52 Band diagrams for an FTO/STN/PCBM/Ca/Al/Au device. A-D show the device before
like soaking. E-G show the device after light soaking, when STN’s Fermi energy level has risen
reducing the built-in field. A and E show the device at reverse bias. B and F show the device at 0
bias. C shows the device in forward bias before the electric field transition. D shows the device at
higher forward bias after the electric field transition. G shows the device in forward bias, the
built-in field is small enough that voltages before the electric field transition aren’t shown. These
are just sketches and are not based on numerical simulations (see the footnote of Figure 43 for
more details).

9.6 Understanding why STN’s Fermi energy level rises
Now that we have confirmed that STN’s Fermi energy level rises when exposed to
light, two questions arise. Why was STN’s Fermi energy level so low and why does shining
light raise it? There are several possible explanations.
One possible reason that STN’s Fermi energy level is low is that the STN layer is too
thin and that STN is being depleted by FTO. One of the initial experiments of STN on FTO
seems to give a hint of this effect. Three different thickness of STN were deposited on FTO
based on the number of pulses used (250, 500, and 1000 pulses). It seemed that the thinner
samples were initially worse and needed more time light soaking to improve. However, too
few samples were made to confirm this trend. Unfortunately I was not specifically looking
for light soaking at the time I was measuring solar cells using thick layers of STN on STO in
section 7.6.8, so no conclusions could be made on that data set either.
The second mechanism that could reduce STN’s Fermi energy level is traps. It is well
known that many n-type semiconductors suffer from a large density of surface traps that
increase the work function. Additionally, in STN, the strontium vacancies produced in ionic
compensation are bulk mid-gap electronic trap states. These two facts alone mean that it is
highly probable that traps affect the behavior of STN. To clear up any confusion, the traps
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mentioned in sections 9.5.1-9.5.4 were traps in the dielectric layer, here I am talking about
traps in the STN electrode.
The third mechanism might be that adsorbed molecules or ions on the surface are
depleting STN in much the same way as surface traps or are creating a very large surface
dipole. This is often seen in ITO. Clean pristine ITO has a work function of 4.4 eV. After
ozonation oxygen ions adsorb onto the surface, increasing the work function to 4.7 eV. It is
also frequently cited that ultraviolet light can cause adions to detach from the surface of an
electrode and that this is the source of the light soaking improvement.

Reasons that STN could have a high work function
B) FTO completely depletes STN
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Figure 53 Band diagrams of the PCBM/STN/FTO side of an STN electron MIM device at 0 bias†.
A) Here STN has a high Fermi energy level; this is the situation that I wanted. Experimental data
shows that STN’s Fermi energy level is much lower than this and is somewhere in the middle of
the band gap of PCBM. B-D) depict several possible sources of STN’s unexpectedly low Fermi
energy level.

* Adions may cause a surface dipole. This could lower STN’s conduction and valence band
levels with respect to PCBM’s LUMO and HOMO.
† The PCBM layer was only included in these pictures to give a visual reference for STN’s
Fermi energy. Drawing the built-in field across the PCBM layer due to the calcium contact only
complicates the diagram without providing useful information about processes going on inside the STN
layer and it was therefore neglected. Equivalently, I could say that the band diagram only looks at a
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Given these 3 possibilities, which one of them best explains the behavior of my STN
based devices? There are several observations that these mechanisms need to account for.
STN devices are affected by light soaking. All of my STN devices, solar cells and
electron/hole carrier devices, retain their improved performance several hours or even as
much as day after light soaking with only a minor decrease in performance. Finally, as is seen
below in Figure 54, JV behavior of a single device changed reversibly by applying large
currents (it didn’t matter if the currents were in the forward or reverse bias). This implies that
the built-in field also changed reversibly and thus the STN’s Fermi energy level also changed
reversibly.
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Figure 54 Current density – voltage measurements for the same STN electron device as shown in
Figure 51. The orange and blue curves are the same as the ones shown in Figure 51. Between
each measurement the device was subjected to a voltage ramp of 4-5 volts in the reverse bias
direction (STN injection). This reversibly shifted the device’s behavior from being more
conductive to less conductive and back again. Each curve was stable as long as another voltage
ramp of sufficent strength was not applied. The device finally remained fixed on the blue curve
for a day without change.

Each one of these curves was stable when measured between -1 to +1 volts several
times. However when the applied voltages were as high as negative 4-5 volts (reverse
bias/STN injection) or positive 2-3 volts (forward bias/Ca injection) the current voltage
behavior of the device would suddenly become erratic (see Figure 55) and stabilize into the
next current voltage curve in series shown in Figure 54.

few nanometers of the PCBM layer next to STN and therefore the electric field across the PCBM layer
is not visible.
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Figure 55 Current density - voltage measurements of a single STN electron device when it was
subjected to a large voltage ramp. The device geometry was FTO/STN/PCBM/Ca/Al/Au. When
the device crossed a certain threshold its behavior became erratic. Subsequent measurements at
lower voltages stabilized. The left graph was taken in between the first and second curves in
Figure 54. The right graph was taken in between the third and fourth curves in Figure 54.

The erratic behavior during the transition does bring up a concern about this data
though. When a device has pathways which are shorting it, one of the things you can do to try
to fix it is to pass a high current through it. This sometimes burns the particularly conductive
pathways and produces IV curves similar to Figure 55. This is probably not what is occurring
in my device because in my case the end result is more conductive than the initial state, not
less, and the final curve is not linear (which is what you would get if diffusion or deformation
in the device caused the two contacts to come into contact with each other creating a
permanent electrical short). Additionally no such erratic behavior was seen with the PCBM
on FTO and so it seems that this effect is specific to STN. Thus there is good reason to
believe that the application of high currents does in fact reversibly change STN’s Fermi
energy level.
With regards to the FTO depletion theory, there is no clear mechanism by which light
soaking or electron injection can modify the depletion width without appealing to another
mechanism such as trap filling. The fact that the behavior of these devices can change
reversibly means that it is highly unlikely that the cause of STN’s low Fermi energy is a
surface dipole composed of adions of oxygen. We would expect that the oxygen, once
released, would diffuse throughout the PCBM and oxidize the calcium electrode, making it
unable to return to the STN electrode later on.

9.6.1 Electronic Traps in STN
The fact that the effect is reversible, fast, and can remain for a day if unperturbed
strongly points to a trapping mechanism. There are several possibilities. The traps in question
could be surface traps or bulk traps and light exposure could be emptying or filling the traps.
It is important to know what kind of traps we are dealing with because we would like
to get rid of these traps. Surface traps can be removed by different means than bulk traps. One
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can often get rid of surface traps by various surface treatments such as annealing in forming
gas. Bulk traps can only be removed by changing the stoichiometry of the target and carefully
optimizing deposition conditions.
There was no direct conclusive experimental evidence to determine which
mechanisms were active in my system. Surface and bulk defects are equally likely to occur in
my thin films since they are grown at a relatively low temperatures (500 C) on a lattice
mismatched polycrystalline or amorphous substrate. We propose that the most physically
reasonable mechanism is that light soaking was freeing electrons trapped on STN’s surface.
Light can directly stimulate electrons out of traps in STN. Light can also generate excitons in
PCBM which are then split so that the holes are swept towards the PCBM-STN interface and
recombine with the trapped electrons, see
Figure 56. Because the light soaking improvement lasted for as long as a day, we
assume that the cross section of the surface traps must be small, so that it takes a long time for
electrons to refill the surface traps at zero bias. This seems to conflict with the fact that high
voltage measurements were able to switch the device from having many trapped electrons to
having few and vice-versa in a short period of time. However, the large amount of current
flowing through the device might have compensated for the slow trapping rate.
B) Light Absorption in STN
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Figure 56 A) Band diagram of an electron-only Ca/PCBM/STN/FTO MIM type device at 0 bias*.
Experimental data has shown that initially the STN layers in these devices have low Fermi energy
levels. The best explanation is that there are surface traps in the STN layer. B-C) Light absorbed
in STN or in PCBM frees trapped electrons, raising STN’s Fermi energy level and reducing the
built-in voltage of the device. The light absorption band diagrams describe some point in time in
the middle of the light soaking process.

It is unlikely that bulk traps are the cause of the STN’s lower Fermi energy level.
Filling bulk traps to raise STN’s Fermi energy level would require that photogenerated
electrons from PCBM diffused against the built-in field and moved into the STN. This is
unlikely given that PCBM absorbs light very weakly and Calcium can easily accept electrons.
Emptying bulk traps is equally unlikely. Bulk traps have weak light absorption, so the

*

I do not show the vacuum level for these band diagrams, if I had it would have been obvious
that a huge dipole exists between calcium and PCBM as predicted by ref. [27]

115

intensity of light used shouldn’t have freed a meaningful quantity of electrons directly. Light
could generate holes in the PCBM layer, but those holes would be stuck at the PCBM-STN
interface (due to STN’s hole blocking ability) and wouldn’t be able to penetrate into STN and
recombine with trapped electrons.
Surface trap filling cannot be the cause of STN’s Fermi energy level improvement
because filling surface traps only increases the built-in field in the PCBM layer and lowers
STN’s Fermi energy level. Thus by process of elimination we arrive at the aforementioned
suggestion that emptying surface traps is the reason STN’s Fermi energy level rises.
It should be added that FTO also showed light soaking influence. Surface traps or
surface contaminates that are released upon light exposure are the only feasible explanations.
FTO has too high an electron density (as evidenced by its high conductivity) to suffer from
bulk traps to the degree that STN does.
Finally, it is also profitable to talk about what differences between STN with bulk
traps and STN with surface traps one might in principle be able to detect. The series
resistance of solar cells is a direct consequence of traps and might be worth investigating. We
saw that in addition to having a very low open circuit voltage, STN/FTO based solar cells
suffered from a very high series resistance which dropped with light exposure (see table 6).
The Schottky barrier between STN and FTO can’t account for the high series resistance by
itself, because the barrier wouldn’t decrease upon light exposure. As far as we know STN’s
conduction level is below that of PCBM, so there should be no Schottky barrier there either *.
That means that the high series resistance is a result of the traps depleting free carriers in the
STN.
Films with bulk traps will have a different series resistance vs thickness relation than
films with surface traps. Bulk defects reduce the free carrier density everywhere in the film.
One should thus expect that as the sample gets thicker that the resistance increases
appreciably. For surface traps, the depletion region is near the surface and the middle of the
material has more free electrons and is more conductive (assuming that the layer is thick
enough, otherwise it is also completely depleted). This means that as a very thin film becomes
thicker the resistance should increase sub-linearly. In practice, one would run into the
problem of when to compare the series resistances between devices, as the series resistances
change as the devices remain illuminated.
The best tool for confirming the presence of surface traps is surface photovoltage
measurements by a Kelvin probe. These measurements can quantify how much the work

*

A surface dipole could occur between PCBM and STN that shifts STN’s conduction band
upward, but this is opposite of the general trend for dipoles to shift the metal oxide towards the middle
of the band gap of the polymer or small molecule layer.
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function of STN is increased by surface traps. Unfortunately, this tool was unavailable at the
time the research was conducted. Other experiments were tried with the Kelvin probe and can
be read about in Appendix A2. The experiments were unfruitful and are thus not shown in the
main body of the thesis.

10 Conclusions
Taking a step back and looking at the big picture we see several things. The first is
that electronic properties of a material are the essential properties that define how a contact
will function in an OPV cell. In order for a hole blocking cathode to work optimally it needs 3
properties. It needs a Fermi energy level that is comparable to or higher than the quasi Fermi
energy level of electrons inside the active material. It needs a conduction band edge that is
slightly lower than or equal to the LUMO level of the acceptor molecule. From these two
conditions we see that we need an n-type contact. It must also have a low lying valence band
edge with respect to the HOMO of the donor polymer.
Apart from these 3 electronic properties, several physical/processing-based properties
were discovered to be very important during the course of this research. For OPV solar cells,
the active layer is very thin making the need for smooth contacts paramount. The substrate
used must be flat and clean. Also, when using a PLD system to deposit the contact material
the target must be dense. The next important consideration is the temperature constraints of
your material. Special attention should be given to the threshold temperature below which
you get amorphous films and whether an amorphous film of your material is desirable or not.
Also important is whether your substrate begins to exchange atoms with your deposited layers
(by interdiffusion) above a certain temperature. In general, FTO is a better substrate for
medium temperature PLD depositions than ITO because it is more thermally and chemically
stable. Also, it is important to select substrates and deposited films so that the thermal
mismatch between them is small enough that cracks do not form because of the substrate
temperature used during deposition. While it is quite obvious, it should also be mentioned that
controlling the chemical composition of your materials is extremely important. The materials
used should be as pure as possible. In the case of metal oxides special effort should be taken
to make them as stoichiometric as possible (except for intentional doping).
These are things that can a priori be taken into account when selecting future
materials as interlayers for solar cells. To make the list of guidelines slightly more complete
two economic considerations should be taken into account. The material should be made of
earth abundant elements and should be amenable to low temperature deposition processes.
As for STN, several conditions were already known at the start of this research such
as the need to pay attention to oxygen partial pressure during and after the deposition. It was
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found that the laser fluence also affected the resistance. This is in agreement with outside
research that laser fluence affects stoichiometry [75]. A novel oxygen annealing process was
investigated which can further improve the stoichiometry and doping levels of STN without
compromising its transparency. This process is similar to one used by other labs [94]. Another
important discovery is the need for large targets when growing thick films due to the
idiosyncrasies of our PLD.
This work used a variety of measurement systems. Of note was the development of
the use of ellipsometry as the only method I found that allowed me to measure the thickness
of very thin films. The Kelvin probe was also explored, but found to be ill-suited for
measuring parameters that were linked to solar cell device performance.
Solar cells that included an interlayer of STN had better performance than solar cells
made with bare FTO cathodes and were comparable to the lab’s standard solar cells.
Furthermore, an evaporated top contact of MoO3 was shown to be an acceptable hole
extractor and did not hinder solar cell performance even when it was nearly 40nm thick.
STN based solar cells showed a huge light soaking phenomenon. This was
investigated using a series of single carrier hole and electron devices. The resulting JV curves
were analyzed using dielectric conduction theory with the addition of taking into account
diffusion and built-in fields. This provided a platform to gather more data about what happens
when the devices are exposed to light and showed that STN’s Fermi energy level rose with
light soaking. Upon various theoretical and experimental considerations emptying of surface
traps in STN is the proposed mechanism by which this light soaking treatment raises the
Fermi energy level.
In summary, STN was extensively investigated for use in OPV’s. It is unlikely that it
can be used as a stand-alone contact as it requires high temperature processing and special
substrates to be conductive enough. It may however be used as an interlayer.
New understanding was gained through this project. The light soaking behavior
discussed in section 8 is a well-known phenomenon often attributed to oxygen ions
irreversibly being released from or binding to the surface of one of the contacts or to the
filling of traps in the absorbing layer [100]. Here I show evidence that it is traps inside the
STN contact which are causing the light soaking phenomenon to occur in the case of my solar
cells. In order to show this I developed a new method of using metal-insulator-metal type
devices to qualitatively measure the built-in field of a device in situ in response to light
exposure. Previous work by Kahn et. al. used MIM devices to investigate the work function
difference between electrical contacts [24]. However this thesis is the first time to my
knowledge that MIM type devices have been used to measure a change in an electrode's work
function and more specifically to investigate light soaking behavior in solar cells. This
method is uniquely suited for investigating this phenomenon because other more common
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methods of measuring the change in work function either cannot measure a buried interface in
situ or require an extremely complex experimental setup and expert analysis of the
measurement data which most labs doing research on organic photovoltaics do not have
access to [23]. We hope to publish our findings about the light soaking behavior soon.
This project also yielded new information about the use of strontium titanate in solar
cells. Strontium titanate was once investigated as a replacement for ITO [68]. Strontium
titanate has also been investigated as an electrode in dye-sensitized solar cells [106]. In more
recent research the interface between strontium titanate and organic molecules relevant to
OPV's was investigated with interest in using strontium titanate as an anode material [107].
My research is the first report of using strontium titanate as a cathode material in a
functioning organic bulk heterojunction solar cell.
Future work on STN should try to conclusively pinpoint the cause of its higher than
expected work function and find a means to reduce its work function and eliminate its light
soaking behavior. If the light soaking behavior is not solved, no further optimization of STN
can be done effectively. While this avenue of research may be fruitful, it may be more fruitful
to take the lessons learned from trying to develop STN and select a new material with better
properties. Specifically, it is still unclear amongst the scientific community how important
selective contacts are over contacts that only have appropriate Fermi energy levels. By
relaxing the constrains of a hole blocking layer and only looking for a material that can be
processed at lower temperatures and has a low work function perhaps a more suitable material
can be found. Alternatively, exciting work has been done on methods to create a surface
dipole which decreases the work function of the cathode and this begs to be explored further.
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Appendix A1: Pulsed laser deposition parameters of
various experiments
Table 10 Deposition conditions for samples made in section 7.6.5

Pressure
*(mTorr)
Working
distance
Substrate
Temperature
Laser
fluence†
Number of
Pulses
Laser
frequency
Target

50 mTorr

10 mTorr

5 mTorr

1 mTorr

55mm

80mm

80mm

80mm

800°C

“”

“”

“”

1.17 J/cm2

0.93 J/cm2

0.92 J/cm2

0.97 J/cm2

10,000

“”

“”

“”

3 Hz

“”

“””

“”

SrTi0.98Nb0.02 O3‡

“”

“”

“”

Each of the above samples was made during a different deposition session. The samples were
heated and cooled in their respective oxygen partial pressures. “” marks indicate that the same
deposition condition was used for all 4 samples.

* The system was pumped down to 3 × 10 -2 mT and then O2 gas was a purity of 99.9% was
pumped into the system as a controlled rate to maintain a constant pressure (the vacuum pumps
remained on).
† These fluences are measured at the beginning of each deposition session and do not take into
account the decrease in laser fluence that occurs during the deposition due to the window becoming
darker (see section 7.6.6).
‡ This target is labeled T03. It was made by Tammy Cohen in Avner’s lab and the recipe used
to make it can be found in her thesis (it is listed as the target made in forming gas at 2% doping) [93].
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Table 11 Deposition conditions for samples made in section 7.6.6

Sample
number
Pressure
*(mTorr)
Working
distance
Substrate
Temperature
Laser fluence
Number of
Pulses
Laser
frequency
Target

1

2

3

4

1.2 mTorr

“”

“”

“”

70mm

80mm

70mm

80mm

800°C

“”

“”

“”

0.92 J/cm2

n/a

n/a

n/a

10,000

“”

“”

“”

3 Hz

“”

“”

“”

SrTi0.98Nb0.02 O3*

“”

“”

“”

All of the above samples were made during the same deposition session.

Appendix A2: Work done with the Kelvin probe
Our lab is equipped with a Kelvin probe, but it is unfortunately unable to do SPV
measurements. There is another way though to try to get information about surface traps from
a Kelvin probe. It is well known that when doing a work function measurement for a
semiconductor using a Kelvin probe you need to leave the sample in the measurement
chamber in the dark before taking the measurement to insure that you get a stable
measurement. The reason is that laboratory lighting is enough to free some electrons from
their surface traps and thus reduce the surface band bending (this is exactly like the trap
emptying diagram for surface traps presented in Error! Reference source not found.). It can
take anywhere between several hours to several days for electrons to eventually wander into
the small cross sections of these traps and thus if you measure a semiconducting n-type
material during this process you can expect to see the workfunction slowly increase. This is of
course assuming that there are a significant number of surface traps in the material. Thus
whether the sample’s work function changes with time or not can provide a qualitative answer
to whether surface traps are present. This measurement is purely qualitative as it depends on
the capture cross section of the traps, the trap density, the free electron density, and the

*

The system was pumped down to 3 * 10 -2 mT and then O2 gas was a purity of 99.9% was
pumped into the system as a controlled rate to maintain a constant pressure (the vacuum pumps
remained on).
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lighting in the laboratory. In my case, measurements sometimes indicated that there were
surface traps in my samples and sometimes it didn’t.
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Figure 57 A) Two measurements of the contact potential difference (CPD) of an STN/FTO
sample using a Kelvin probe. The CPD is equal to the samples’ work function plus a constant
offset (obviously the work functions should be positive). The measurement on the left is
immediately after the sample was placed in the measurement chamber and the graph on the right
was taken 11 hours later. Even after 11 hours in the dark, the sample only showed a 0.02 eV
change in work function, indicating that there are almost no surface traps. B) A CPD
measurement of a different sample which in the first 30 minutes of being measured shows a 0.04
eV change in work function meaning that surface traps are present in this sample.

Work has also been done to try to use the Kelvin probe to correlate the work function
of the contact to the performance of solar cells. The open circuit voltage for various solar cells
showed very little dependence on the measured work function of their bottom contacts (see
Figure 58). This could be due to the fact that the surface is modified during the cleaning and
spin coating process. To some extent this was accounted for by measuring the work function
of the STN samples after spin coating them in DCB (the solvent used in spin coating the
P3HT-PCBM mixture). Another possible explanation is that since light exposure greatly
changes the work function of STN the work function measured by the Kelvin probe is not the
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work function of the STN while the solar cell is operating. Perhaps one could try to correlate
the initial solar cell performance to the Kelvin probe measurements, but even this would be
difficult because the Voc already shifts 0.1 eV in solar cells that are exposed to light for a few
seconds.

Open Circuit Volatge (V)

0.65
y = -0.3061x + 1.9358
R² = 0.3588

0.6

0.55

0.5

0.45
4.4

4.45

4.5
4.55
Work function (eV)

4.6

4.65

Figure 58 Open circuit voltages of solar cells using FTO/STN bottom contacts plotted against the
work functions of those bottom contacts as estimated by Kelvin probe measurements (see the
ensuing paragraph). There is only a weak correlation between the two measurements.
Additionally, there is a 0.2 eV spread between the work functions of STN layers deposited by the
same process. The devices from the experiment shown in Figure 29 were used for this analysis
and the Voc was recorded after 30 minutes of light exposure at a power of 1 sun.

Even if a correlation between the work function and the Voc had been clearer there
was the problem of being able to repeatedly produce samples with the same work function.
Kelvin probe measurements of the work function of the sample varied greatly from sample to
sample. To be more correct, the contact potential difference, CPD, is what is actually
measured by a Kelvin probe. CPD = (WFsample - WFprobe)/q and thus variations seen in the
CPD directly correlate to variations in the work function of the sample. I quote CPD values,
as the WFprobe is only approximately known. For STN, CPD values varied from -638 mV (this
was from a thick STN samples grown in vacuum on STN and then annealed in O2, see section
7.6.9) to as high as -38 mV (this was from a thin STN sample grown on FTO)*. This means
that STN’s work function can vary 0.6 eV. Different samples using the same deposition
procedure and process were seen to vary 0.25 eV.
This is to be expected, as the work functions of metal oxides are notorious for varying
widely. Anything from surface traps to adsorbed water and surface contamination can greatly
change the work function. It is in fact one of the great eyesores of electrical/material

*

This may in fact be a hint that the oxygen annealing technique does in fact produce films
with higher electron densities.
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engineering that a material property as important as the work function is so poorly controlled
and so sensitive to a host of processing parameters.
Finally, the validity of all of my Kelvin probe measurements is also in question. My
samples were 10mm x 10mm long and the probe diameter is 4mm this means that edge
effects can play a role. This also brought the top contact of the sample to within millimeters
of the probe. To further complicate things, not every sample was placed in exactly the same
spot in relation to the probe. The contacts formed between the sample and the device were
primarily done with silver paint. This calls the validity of the measurements into question
because the extra series resistance may skew the current measured and thus the CPD
calculated especially for the samples with the lowest work functions. It is not clear that these
completely negate the measurements reported here, but future work should make an attempt
to use larger samples and measure the CPD using good metal evaporated contacts.
In conclusion, apart from a Kelvin probe setup that is able to measure SPV, the
Kelvin probe is not a good way to gain insight into the inner workings of my solar cells.
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הסולריים השלמים שלי ,זה מקל על ניתוח הנתונים ובנוסף עוזר להוציא לאור הבטים שאי אפשר לראותם בתאים
הסולריים .השתמשתי בתיאורית הולכה במבודד ) (dielectric conduction theoryעם תוספת של אפקטים
הנובעים מפיזור נושאי מטען (דבר שמוזנח בתאוריה הרגילה) כדי לנתח את המדידות ההתקנים .ההתקנים הללו
סיפקו מידע נוסף לגבי השדה החשמלי הפנימי בתוך ההתקנים .באמצעות המידע הזה הבנו מה היחס בין רמות פרמי
של המגעי התקנים .נמצא שרמת הפרמי של  STNעלתה באופן ניכר לאחר חשיפה לאור .מנגנון פיזי לתופעה
הזאת מוצע בעקבות המדידות האלה .בסופה של התזה אני מסכם שיקולים חשובים בנוגע בחירת חומר מתאים
למגע בתאים סולאריים אורגנים שמבוססים על עבודתי.

ובכך להגביר את המתח המופק על ידי התא הסולרי .אפשר ליישם  STNכשכבה דקה בין הקטודה ובין השכבה
הבולעת אור .מכיוון שיש ל STN-ניידות אלקטרונית גבוהה ,יש סיכוי שניתן ליישם אותו כקטודה STN .גם שקוף
מפני שהוא תחמוצת עם פער אסור רחב .דבר זה מאפשר לנו לשים אותו כמגע התחתון קטודי ,כלומר ליצור תא
סולרי עם קונפיגורציה הפוכה .בתאים סולריים עם הקופיגורציה הרגילה המגע העליון הוא הקטודה ובדרך כלל
הוא עשוי ממתכת עם פונקצית עבודה נמוכה .זה בעיתי כי מתכות בעלות פונקצית עבודה נמוכה מתחמצנות כשהן
נחשפות לאוויר .זהו המצב בתאים סולריים כשהן משמשות כמגעים העליונים .זה אחד המנגנונים השכיחים ביותר
לכשלון התא הסולרי .מיקום המגע עם פונקציית עבודה נמוכה על גבי המצע התחתון עשוי להאריך את זמן החיים
של התא הסולרי ,אך פתרון זה אפשרי רק כשהחומר שקוף כגון .STN
הצעד הראשון של מחקר זה היה למצוא את התנאים האופטימליים לייצור מגעים תחתונים של .STN
מגעי ה STN-היו צריכים להיות מוליכים ,שקופים ,וחלקים כדי לתפקד כמגעים תחתונים בתאים הסולריים שלי.
השתמשתי במערכת ה PLD-מפני שהיא יכולה לשלוט על התכונות של שכבות ה STN -שהיא יוצרת ומאפשרת
לבצע שינויים קטנים לאותן התכונות STN .ששוקע על גבי מצעים מחומרים מבודדים כמו פיוזד סיליקה (fused
) silicaלא עבדו ,מכיוון שהמצע חומם במשך השיקוע ובתהליך הקירור לאחר מכן אי-התאמה בין הכיווץ התרמי
של  STNוהמצע גרמה לסדקים .הסדקים מנעו מסלולי הולכה והתנגדויות הדגמים היו גבוהות מידי .גידלתי STN
באופן הומו-אפיטקסיאלי על מצעי גביש יחיד של  .SrTiO3הדגמים יכלו לתפקד כמגעים .אך המוליכות והשקיפות
של הדגמים היו תלויות אחת בשניה .זה נובע מהעובדה שכדי לשפר את מוליכות הדגם מוסיפים עוד אלקטרונים
חופשיים לשכבת ה STN-והמצע של  SrTiO3והאלקטרונים הללו יכולים לבלוע אור .כתוצאה מכך ,לא התאפשר
ליצור דגמים שהיו גם מספיק שקופים וגם מספיק מוליכים כדי לתפקד כקטודות באופן רצוי .בעקבות זאת ניסיתי
לשקע  STNעל זכוכית מכוסה עם אינדיום אוקסיד מסומם עם בדיל .ITO ,מצאתי מספר דברים שגרמו לITO-
לא להתאים לשימושים שלי .בטמפרטורות גבוהות (מעל  )600°Cהזכוכית עלולה להנמס .בטמפרטורות בינוניות
( )053-033°Cהיתה דיפוזיה של אטומים בין ה STN-וה ITO-שהורידה את שקיפות הדגמים .בטמפרטורות
נמוכות ה STN-נוצר באופן אמורפי עם התנגדות גבוהה .לבסוף מצאתי שזכוכית עם שכבה עליונה של בדיל
אוקסיד מסומם עם פלואור ,FTO ,מתאימה כמצע עבור השיקועים של  .STNבשלב הבא שיניתי את פרמטרי
השיקוע כגון לחץ חלקי של חמצן בתוך תא הווקום ,עוצמת הלייזר ועובי שכבת ה STN-עד שמצאתי תנאים
אופטימאליים בהם נוצרו השכבות הטובות ביותר של ה.STN -
השתמשתי בדגמי זכוכית STN/FTO/בתאים סולריים אורגניים .בתאים האלה השכבת ה STN -היתה
דקה מאוד (בערך  8ננומטרים) ותפקדה כשכבת ביניים בין החומר הבולע ,P3HT:PCBM ,ובין הקטודה.FTO ,
ההתנהגות זרם-מתח של התאים האלה נמדדה כשהתאים היו בחושך וגם כשהם נחשפו לאור שעוצמתו שווה
לעוצמתה של השמש לפי הסטנדרט  .ASTM-1.5Gמצאתי שאכן ה STN-שיפר את יעילות התאים שנמדדו ביחס
לתאים סולריים באותם הקונפיגורציות עם מגע תחתון של זכוכית .FTO/במשך המדידות של התאים הסולרים
האלה צפיתי בתופעה לא צפויה .יעילות המרת האנרגיה עלתה בהרבה ככל שהתא הסולרי נחשף לאור במשך זמן
ארוך יותר .היעילות קפצה מ 1.5x10-3%-ל 0.5%-לאחר חשיפה לאור לשעתיים .התלות של יעילות המרת
האנרגיה בזמן שהתא נחשף לאור הופיע כמעט בכל הדגמים שמדדתי.
כדי להבין את התופעה הזאת יצרתי התקנים של מתכת – מבודד – מתכת ומדדתי את התנהגות מתח–זרם
שלה ם בחושך לפני ואחרי זמנים שונים של חשיפה לאור .ההיגיון מאחורי זה היתה האפשרות לבנות התקנים
שמשתמשים רק ב P3HT-או ב PCBM-כחומר המבודד ,וזה יחד עם שימוש במגעים מתאימים יגרום למצב שרק
אלקטרונים או חורים יזרמו דרך ההתקן .בגלל שיש מעט תהליכים שמתרחשים בהתקנים האלה לעומת התאים

תקציר
הטכנלוגית התקנים הפוטו-וולטאיים האורגניים הינה מבטיחה מאוד מכיוון שיש בה פוטנציאל להפיק
ולהתקין התקנים במחירים נמוכים מאוד .יעילות המרת האנרגיה של התקנים מסוג זה עלתה לאחרונה ליותר מ-
 ,03%אך יש עוד אפשרות לשיפור ,במיוחד בהעלאת המתח שמסופק על ידי התאים הללו.
כשפוטון נבלע במוליך למחצה (מל"מ) בתאים סולריים נוצרים אלקטרון וחור .התא יוצר מתח כי יותר
אלקטרונים נעים למגע אחד ויותר חורים נעים למגע השני .הדבר מרים את הפוטנציאל האלקטרוכמי של
אלקטרונים במגע אחד ומוריד את הפוטנציאל האלקטרוכמי במגע השני .ההפרש בין הפוטנציאלים הוא בעצם
המתח שהתא מספק .המעבר האסימטרי של האלקרטונים והחורים נובע ממבנה התא הסולרי .בתאים סולריים
העשויים מסיליקון ,או ממל''מ אי-אורגני אחר ,הסימום בסוג  Pבצד אחד של המל''מ והסימום בסוג  Nבצד השני
של המל''מ גורמים למעבר אסימטרי .בתאים סולריים העשויים מחומרים אורגניים שכבת המל''מ לא מסוממת ברוב
המקרים (לפחות לא בכוונה) ולא קיימת בהם אסימטריה מרחבית מכוונת (פרט מתאים סולריים אורגניים דו-
שכבתיים) .לכן ,המגעים של התאים משמשים כמקור לאסימיטריה בתאים אלו .בתזה זו אציג יישום של תחמוצת
המתכת סטרונציום טיטנאט מסוממת מסוג  Nעם ניוביום( SrTiO3:Nb ,לקיצור  ,)STNבתאים סולריים
אורגניים .השתמשתי ב STN-גם כקטודה וגם כשכבת מחסום למעבר חורים בין השכבה הבולעת אור ובין
הקטודה .במחקר הזה השכבה בתאים הסולריים שבולעת אור היא מל''מ אורגני המורכב מ poly(3--
) ,P3HT , hexylthiopheneמעורבב עם P3HT .PCBM ,[6,6]-phenyl-C61 butyric acid methyl ester
הוא מל"מ פולימרי מצומד שיוצר זוגות קשורים של אלקטרון וחור כשהוא בולע אור .כדי ליצור נושאי מטען
חופשיים צריך להפריד בין האלקטרונים מהחורים .ההפרדה מתבצעת בעזרת נגזרת פולרן הנקראת .PCBM
 PCBMמתפקד כמקבל אלקטרונים מפני שהאפיניות שלו לאלקטרונים גבוה מאוד.

השתמשתי במערכת

 P3HT:PCBMמכיוון שהיא כבר נחקרה לעומק בעקבות היעילות הגבוהה שלה .האנודה של התאים הסולריים
במחקר הזה היתה שכבה דקה של מוליבדן טריאוקסיד ,MoO3 ,מכוסה מעליה בשכבת זהב .המבנה של התאים
הסולרים היה מצע שקוף.Au/MoO3/P3HT:PCBM/STN/
התקנים הוכנו על ידי שיקוע של  STNעל המצע השקוף בעזרת פולסי לייזר ( pulsed laser
 .)PLD( )depositionתמיסת ה P3HT:PCBM -הושמה על הדגם באמצעות ספין קסטינג .אחר כך נידפתי
 MoO3ו Au-על גבי שכבת ה P3HT:PCBM-וקבעתי את צורת השכבה על ידי שימוש במסיכה .מכיוון שכל
שכבות ההתקן נבנו על גבי המצע השקוף ,STN/המגע עם ה STN-נקרא המגע התחתון ובהתאם לכך המגע
 Au/MoO3נקרא המגע העליון (דבר זה יכול לבלבל כי המגע התחתון פונה אל השמש כדי שהאור יוכל להיכנס
לתא הסולרי) .בהתקנים שלי המגע התחתון הוא הקטודה והמגע העליון הוא האנודה .הקונפיגורציה הזאת הפוכה
מהקונפיגורציה של רוב התאים הסולריים האורגניים שנחקרים ולכן זאת נקראת הקונפיגורציה ההפוכה.
 STNנבחר למחקר זה בעקבות דיווחים קודמים אודות מיקום הרמות האלקטרוניות שלו הממוקמות כך
שאלקטרונים משכבת ה P3HT:PCBM-יכולים להיכנס לתוך  STNוחורים משכבת ה P3HT:PCBM-אינם
יכולים להיכנס לתוכו .בנוסף לכך ,יש ל STN-פונקצית עבודה נמוכה כשהוא מסומם מסוג  Nולכן כשיש מגע עם
פונקצית עבודה גבוהה בצידו השני של התא הסולרי נוצר שדה חשמלי מובנה שגם גורם למעבר אסמטרי של
אלקטרונים וחורים .לכן יש פוטנציאל ל STN-להגביר את האסמטריה במעבר האלקטרונים והחורים בתא הסולרי

תודות
המחקר נעשה בהנחיית פרופ' ניר טסלר ופרופ' אבנר רוטשילד במסגרת התכנית הבין-יחידתית לננוטכנולויה

וננומדע .אני מודה לטכניון ולמכון ראסל ברי לננוטכנולוגיה על התמיכה הכספית הנדיבה בהשתלמותי.
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