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AFM (5×5 µm) images of rippled ZnO, (a) without and (b) with 10-1 mg/mL
dopant.
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SUMMARY
This dissertation explores the employment of solid additives in organic
photovoltaic devices with the goal of customizing the electronic properties of the
semiconducting materials, as well as the morphological effects of their introduction into
active layer bulk heterojunctions. The outcomes of additive introduction are characterized
primarily by photovoltaic device measurements, photoelectron spectroscopy, scanning
probe microscopy, and X-ray diffraction techniques; other methods are implemented in
certain projects, and are explained within the respective chapters they are applied. Ternary
blend active layers, where a new component is added as a method of additive-based
morphological control in an attempt to improve electron transport through non-fullerene
acceptor domains, is the focus of Chapter 2. Chapters 3 and 4 involve the use of molecular
dopants for trap passivation with common donor homopolymers and heteropolymers,
respectively, within the active layer, and probes their ability to be dispersed with the local
order of the system. Finally, Chapter 5 describes the introduction of molecular dopants into
an amorphous inorganic charge-transport interlayer, with unexpected effects on oxide
composition and device performance.
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INTRODUCTION

1.1

Reflection on Organic Photovoltaic Devices – Theory & History

The first bisection of this chapter seeks to introduce the field of organic
photovoltaics to the reader through a brief history of organic semiconductors,
accompanied by a discussion of semiconductor theory to complement the account with
relevant concepts. The focus then moves on to the photovoltaic effect and early
photovoltaic devices, before addressing the inception of the organic heterojunction
photovoltaic device and processes that occur within it. Finally, this section details the
origin of the bulk heterojunction and its influence on OPV development, including
techniques for morphological control, which leads to the topic of this thesis: additives
for active layer design and trap passivation in organic photovoltaics.
1.1.1 Organic Semiconductors
In December 1956, King Gustaf VI presented William Bradford Shockley, John
Bardeen, and Walter Houser Brattain with the Nobel Prize in Physics “for their
researches on semiconductors and their discovery of the transistor effect”. That same
year, American chemist Martin Pope was adjusting to a transition into an academic
career at New York University under the direction of Hartmut Kallmann, an eminent
German physicist. In just a few years, their work together would bring the
semiconductor field to a new era, beginning with the discovery that organic molecules
can behave as semiconductors in 1960, when they observed hole current flowing
through an anthracene crystal in contact with a positively-biased electrolyte.1,2 This
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work opened the door for a number of new fields under the umbrella of organic
electronics, involving the use of semiconducting and conducting organic polymers and
small molecules.
Electrically, solid-state materials can be considered to fall within one of three
classes depending on their electrical conductivity (σ): insulators, semiconductors, or
conductors. σ quantifies the ability of a solid to conduct electrical current under an
external bias, and can be expressed as:
𝜎 = 𝑛𝑞𝜇

Equation 1.1

where n is the number density of free carriers, i.e., the number of carriers in a given
volume, q is the carrier charge, and μ is the charge mobility. μ quantifies the rapidity
with which a charge carrier can move through a material under an electric field, which
is elaborated upon in Section 1.2.3. n is the product of the density of allowed states,
g(∊), and the probability of their occupation, f(∊), known as the Fermi-Dirac probability
function, given in Equation 1.2. Fermi-Dirac statistics are employed to allow the
approximation of the behavior of identical particles in systems with large numbers of
particles and states. The particles that obey these statistics are called fermions, such as
electrons and electron vacancies, the latter of which are commonly referred to as holes.
In inorganic materials such as metals, silicon, and certain metal oxides, high
order can lead to a high g(∊), that is, a large density of contributing, closely spaced
energy levels with overlapping wavefunctions, that can be called an energy band. In
amorphous organic materials, disorder in the solid state can lead to g(∊) distributions
that resemble bands, and are sometimes inappropriately referred to as such, but do not
participate in band-like transport, as is described later on. Due to basic
thermodynamics, electrons occupy the lowest energy levels that are available; the
energy up to which these levels are occupied at 0 K is called the Fermi level energy
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(EF). The energy required to move an electron from EF to vacuum, the energy of an
electron at rest out of the electrostatic influence of the bulk material (EVAC), is called
the work function (Φ). At temperatures above absolute zero, the states above and below
EF are respectively occupied and unoccupied in a way such that levels at EF have an
equal probability of being full or empty at any given time under thermodynamic
equilibrium, described by:3
𝑓(∈) =

1
𝑒 (∈−𝐸𝐹)⁄𝑘𝐵 𝑇

Equation 1.2
+1

Here ∊ is the energy of the state, T is temperature, and kB is Boltzmann’s
temperature-energy relation constant. As energy levels near the Fermi level energy will
have a higher probability of carrier occupation, the proximity of EF, energetically, to
energy bands (or high g regions) and gaps plays a primary role in determining a
material’s conductivity and its class.
While for a conductor EF is located within a band, seen later in Figure 1.1, and
thus n is relatively large, in non-degenerate semiconductors and insulators it is situated
in a gap between two bands, and the populations of states proximate to EF, and therefore
with a high probability of carrier occupation, is lower, as is n. For these latter systems,
the highest lying band below EF is called the valence band (VB), and the lowest lying
band above is the conduction band (CB), though in a highly doped, degenerate
semiconductor (where the Fermi level energy is within 3kBT of a band edge), EF can be
located just within one of these bands. VB and CB have energy level distributions that
tail into the energy gap; the energy difference between vacuum and the valence band
maximum (EVB) is defined as the ionization energy (IE), equivalent to the energy
absorbed upon the removal of an electron from the material, and for the conduction
band minimum (ECB) is the electron affinity (EA), equivalent to the energy released
upon the addition of an electron to the material. While these gaps are defined as being
3

devoid of states, in real materials there can be some low densities present. The origin
of these gap, or trap states is discussed in later sections.
Therefore, for a semiconductor the number densities of electrons in the
conduction band and holes in the valence band, respectively, in thermal equilibrium are
given by:
∞

Equation 1.3

𝑛0 = ∫ 𝑔𝐶𝐵 (∈)𝑓(∈)𝑑 ∈ ≅ 𝑁𝐶𝐵 𝑒 𝐸𝐹 −𝐸𝐶𝐵⁄𝑘𝐵 𝑇
𝐸𝐶𝐵
𝐸𝑉𝐵

Equation 1.4

𝑝0 = ∫ 𝑔𝑉𝐵 (∈)(1 − 𝑓(∈))𝑑 ∈ ≅ 𝑁𝑉𝐵 𝑒

𝐸𝑉𝐵 −𝐸𝐹 ⁄𝑘𝐵 𝑇

−∞

where gCB(∊) and gVB(∊) are the densities of states in the conduction and valence bands,
respectively, and NCB and NVB are the effective densities of states in each band when
the Fermi-Dirac function is replaced by the simpler Maxwell-Boltzmann distribution
function, which can be applied for non-degenerate semiconductors. In an intrinsic
semiconductor, which is a pure, undoped semiconductor, carriers arise only from
thermal excitation from the valence band to the conduction band, and therefore n0 = p0
as each free electron will have a corresponding free hole. The hole and electron
densities can then be identified as the intrinsic carrier density (ni), which can be
expressed through the root of the mass action law as:
𝑛𝑖 = √𝑛0 𝑝0 = √𝑁𝐶𝐵 𝑁𝑉𝐵 𝑒 −𝐸𝐺⁄2𝑘𝐵 𝑇

Equation 1.5

This expression reveals a dependence on the energy gap 𝐸𝐺 = 𝐸𝐶𝐵 − 𝐸𝑉𝐵 , as EF
drops out of the equation, and for static effective densities of states a lower EG
corresponds to a higher ni. This leads to a basic understanding of a semiconductor as
exhibiting a smaller energy gap than an insulator, as the higher intrinsic carrier densities
will often lead to a greater electrical conductivity, although this distinction does not
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take carrier mobility or doping into account. This simple distinction of intrinsic
semiconductors and insulators is illustrated in Figure 1.1.
Electrical doping of a semiconductor, which often involves the intentional or
unintentional introduction of foreign atoms or molecules into the solid, can shift the
Fermi level energy towards to EVB or ECB, increasing the number density of one carrier
relative to the other. Semiconductors can be doped into degeneracy, exhibiting very
high conductivities. Further discussions of carrier transport and doping are continued
in later sections.

Figure 1.1. A representation of the Fermi Dirac distribution, density of states, and EF
for conductors, intrinsic semiconductors, and insulators at a given temperature T at
thermal equilibrium. The vertical axis is energy while the horizontal axis is the
probability of state occupancy on the left, or the density of states in the three examples
on the right; f(∊) is superimposed on these plots in order to convey occupancy
probabilities. Grey represents electron occupancy at thermodynamic equilibrium while
white indicates vacancy.

Though partially conductive polyaniline was first synthesized by Henry
Letheby in 1862,4 the true potential of organic materials as electronic materials was not
realized until the 1960s and 1970s.5,6 Returning to New York, Pope and Kallmann,
along with Mizuka Sano, observed electroluminescence from organic crystals in 1965,7
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a precedent that led to the application of organics as the active component in
semiconducting electronic devices, including organic light-emitting diodes (OLEDs),
organic thin-film transistors (OTFTs), and organic photovoltaics (OPVs), which will
be discussed in the next sections.8–10 At around the same time, polypyrroles, prepared
from tetraiodopyrrole, with conductivities up to 1 S/cm were observed by Weiss and
coworkers in 1963,11–13 paving the way for the work of Alan G. MacDiarmid, Alan J.
Heeger, and Hideki Shirakawa on conductive polymers, which would earn them the
Nobel Prize in Chemistry in 2000.
Conducting and semiconducting organic materials owe their electron transport
to conjugated sp2 carbon atoms. While engaging in three sigma bonds that typically
occupy a plane intercepting the nucleus, a final electron is located in a delocalized p
orbital orthogonally from the others. For conjugated polymers and single molecules of
a similar dimensionality, neighboring p orbitals form delocalized molecular orbitals in
a quasi-1-dimensional fashion, along the backbone (though in planar conjugated
molecules it can be considered 2-dimensional). In solids, depending on the ordering of
the molecules, intermolecular overlap can extend the dimensionality of this
conjugation. The overlap of these orbitals between proximate molecules is the basis of
charge transport in organic materials. This is in contrast to inorganic materials where
charge transport is often isotropic, each atom contributing valence electrons to a much
denser “sea” of electrons. High order and strong orbital overlap in many inorganic
lattices results in carrier delocalization over many repeat units of the crystal and large
charge carrier mobilities, while disorder in amorphous organic packing structures
forces carriers to engage in intermolecular hopping as a primary method of transport.14
As they do not engage in band-like transport, for organic molecules we call the
equivalent of the valence band maximum the highest occupied molecular orbital
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(HOMO) and that of the conduction band minimum as the lowest unoccupied molecular
orbital (LUMO). These concepts will be expanded in later sections.
A neutral conjugated polymer can act as an insulator, or a semiconductor under
an applied bias, as the size of the energy gap can hinder the number density of charge
carriers and the conductivity. However, similar to inorganic materials, reduction or
oxidation of the polymer, whether intentional or otherwise, can introduce mobile
charges to the energy bands, vastly increasing charge mobility and conductivity. This
electrical doping can increase σ up to 0.1 S/cm for many polymers at low dopant
loading (<1 %) and, for certain polymers such as polyacetylene doped with iodine, over
10 kS/cm.15–18 Further discussions of electrical doping in organic materials can be
found in Chapters 3 and 4.
Another phenomenon observed by Pope and Kallmann in 1960 was the optical
excitation of anthracene crystals resulting in charge injection into an adjacent
electrode.2 The sensitized photoconductivity observed in this early organic Schottky
junction photodiode can be viewed as a precursor to modern organic photovoltaics.
1.1.2 Foundations of Organic Photovoltaics
In 1839, French physicist Alexandre-Edmond Becquerel observed an electric
current upon the illumination of an electrochemical cell.19 This effect was repeated in
solids over four decades later, when in 1883 Charles Fritts coated selenium with gold,
following the claims of selenium’s photoconductivity made by Willoughby Smith a
decade earlier.20 Only two years subsequent, Shelford Bidwell discovered the root of
this effect to be silver impurities within the selenium, which also happened to be one
of the first known observations of doping, as will be discussed in Chapter 3.21
Continuing the work of Fritts, in 1888 Aleksandr Stoletov designed a solar cell
based on Heinrich Hertz’s research on the photoelectric effect, a phenomenon that
7

would be explained by Albert Einstein in 1905, earning the 1921 Nobel Prize in
Physics.22–25 The prototype for the modern solar cell did not appear until the 1940s;
though Vadim Lashkaryov reported p-n junction photocells composed of cuprous oxide
and silver sulfide in 1941,26 by May of the same year Russell Ohl had already filed his
patent for a “Light-sensitive electric device” detailing a modern junction semiconductor
solar cell, that was later awarded in 1946.27 Bell Laboratories demonstrated the first
silicon solar cell 8 years later.28
To differentiate the aforementioned devices, a key aspect of the operationof a
cell are material junctions. The junction points of conductors and semiconductors can
have a range of behaviors, depending on the contact resistance and the energy level
distributions of the two materials. A non-rectifying contact, through which current may
flow symmetrically from one of the semiconductor’s transport bands into the conductor
or vice-versa depending on the bias, is called an ohmic contact. A non-ohmic contact
does not have this symmetry due to the formation of an energetic barrier, which must
be overcome for the semiconductor to inject a specific type of charge from the transport
band into the metal, referred to as the Schottky barrier. As this barrier, which according
to the Schottky-Mott rule is proportional to the difference between EF of the conductor
and the energy of the semiconductor’s transport band, becomes sufficiently higher than
the ambient thermal energy, this contact becomes rectifying in nature, exhibiting a large
rectification ratio between current flow in either direction, and is known as a Schottky
diode. It is worth noting that the Schottky-Mott rule is not entirely accurate, as the
barrier can be heavily influenced by bonding between the two materials or by surface
states on the semiconductor prior to contact,29 making the prediction of junction type
between two materials somewhat complex.
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Additionally, the junction of two semiconductors can also act as a diode. The
interface of two dissimilar semiconductors is called a heterojunction, and in the case of
large differences in EF can result in a p-n junction, which is discussed further in Chapter
3. Examples of these junctions are shown in Figure 1.2.

Figure 1.2. A depiction of relevant junctions between conductors and semiconductors
that can be observed in organic semiconductor devices. In the Schottky junction, the
Schottky barrier is indicated by the two-directional arrow.

In 1958, as silicon cells (now more efficient and marketable largely through the
efforts of Les Hoffman) were making their way into orbit aboard the Vanguard I,
Melvin Calvin was reporting the photovoltaic effect with organic semiconductor active
layers, specifically magnesium phthalocyanine, implemented as a single layer
sandwiched between two metal electrodes.30 Though these early Schottky diode organic
cells performed very poorly, several attempts were published, using conjugated
polymers such as polyacetylenes or polythiophene.31–34 It was not until 1986 that Ching
W. Tang, considered to be the father of OLEDs, reported the first bilayer organic
heterojunction solar cell,35 which directed the next thirty years of research on OPVs.
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1.1.3 Electronic Processes in Organic Heterojunction Photovoltaics
The function of a photovoltaic device is, by definition, the conversion of
incoming light to electric power. The primary, and most practical, source of this
electromagnetic radiation is our sun, which constantly outputs 1,368 W/m2 at a distance
of one astronomical unit (ca. the distance from the sun to the earth). The energy profile
of this radiation, displayed in Figure 1.3, is very consistent with a blackbody at 5778
K, with an approximately 1:1 distribution between ultra-violet-visible (λ < 700 nm) and
infrared (λ > 700 nm).36,37 However, attenuation through Earth’s atmosphere filters out
a majority of the UV and specific absorbance bands of the atmospheric gases
(observable in the infrared (IR) and near-IR), lowering the solar constant to ca. 1000
W/m2 at the surface when considered at an angle of 48º, a standard for photovoltaic
testing referred to as Air Mass 1.5 (AM 1.5).

Figure 1.3. Solar radiation distribution is represented as irradiance as a function of
wavelength. This figure compares the profiles of a 5778 K blackbody (black line), the
solar constant at the edge of the atmosphere (yellow), and the solar constant after
10

atmospheric attenuation (red). Curves are adapted from references provided by the
American
Society
for
Testing
and
Materials
(http://rredc.nrel.gov/solar/spectra/am1.5/).

Many organic semiconductors are well-suited for absorbance in the visible
region, where solar irradiance, the power per area for a specific wavelength (λ), is
greatest. This is governed by the size, in energy-space, of the energy gap defined in
Section 1.1.1 (ca. 1.5 – 2.0 eV for organics), which can be controlled by orbital
delocalization along the molecule or polymer and between molecules, if allowed by
intermolecular packing.
If they are of sufficient energy, the absorption of incident photons by a
semiconductor can result in the excitation of electrons in occupied energy levels, such
as those in the valence band, into unoccupied levels, such as those in the conduction
band. Organic semiconductors can exhibit very strong transitions, as orbital overlap
between high energy occupied levels and low energy unoccupied levels can be quite
significant. This transition can be considered as an excitation from one state to another;
the state where electrons occupy the lowest allowed energy levels (with the occupancy
of levels near the Fermi level energy in thermodynamic equilibrium dependent on the
Fermi-Dirac distribution) is known as the ground state. In conjugated organic molecules
this is almost always a singlet, which means that the total spin multiplicity cancels to
zero, and is commonly denoted as S0. The lowest energy allowed transition is thus to
the excited state S1, this transition accordingly resulting in a singlet exciton, which is a
Coulombically bound charge pair composed of the excited electron and hole.38 In many
organic semiconducting materials, S0→S1 can be assumed as a transition of the electron
from the HOMO to the LUMO.
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Charge separation in a material, M, can be defined as 𝑀∗ + 𝑀 → 𝑀+ + 𝑀− ,
where M* is the excited material, and M+ and M- are the cation and anion respectively.
Coulomb binding energy is essentially the energy required to overcome the electrical
attraction and separate an exciton into a hole and electron, thus:
𝐵𝐸 = 𝐼𝐸𝑀 − 𝐸𝐴𝑀 − 𝐸𝑜𝑝

Equation 1.6

where Eop is the energy of the optical excitation. The binding energy of the exciton is
partially dependent on the ability of the semiconductor to screen the Coulomb force, a
factor called the dielectric constant (ɛr). For organic semiconductors this value is
relatively low, ɛr ~ 3-4, compared to inorganic materials due to low polarizability, a
property that can assist in electrostatic shielding of charges, resulting in binding
energies on the order of hundreds of meV.39–42 To put this into perspective, in
crystalline silicon the ɛr is ~ 11.7,43 providing low enough binding energies, ca. 15
meV,44 that they can be overcome by thermal energy at room temperature 𝐸 = 𝑘𝐵 𝑇, ca.
26 meV. As such, the separation of bound excitons in organic species would greatly
benefit by forming an energetic driving force to achieve charge dissociation.
The implementation and benefit of such a driving force has shaped the field of
organic photovoltaics for the last three decades. Returning to the work of Dr. Tang in
1986, layers of copper phthalocyanine and perylenetetracarboxyl-bisbenzimidazole
were thermally evaporated in series, forming an organic heterojunction within the
active layer. He determined that this interface was crucial for charge generation,
moving exciton dissociation dependence away from the organic-metal contacts of
single-layer cells. These prior cells had relied upon exciton generation near one of the
metal electrodes, where the binding energy could be overcome by injection of a carrier
into the metal, the other being blocked by a Schottky-type barrier and required to travel
to the opposing electrode to generate current. At an organic heterojunction, the binding
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energy is overcome by an energetic offset in the transport bands of the charge-donating
and accepting materials, which allows the transfer and separation of electrons and holes.
Accordingly, successful charge generation from both semiconductors requires a
staggered gap heterojunction, with a one material having a lower EA and IE, referred
to as the donor (D), and the other with a higher EA and IE, referred to as the acceptor
(A). This heterojunction is visually depicted in Figure 1.4a. The energetic driving force
to achieve charge dissociation, ΔGCS, is derived for an exciton in D or A respectively
as:
∗

Equation 1.7

∗

Equation 1.8

𝐷
𝐷
∆𝐺𝐶𝑆
= 𝐼𝐸𝐷 − 𝐸𝐴𝐴 − 𝐸𝑜𝑝
𝐴
𝐴
∆𝐺𝐶𝑆
= 𝐼𝐸𝐷 − 𝐸𝐴𝐴 − 𝐸𝑜𝑝

After charge separation, electrical current is generated as electrons and holes
are transported to opposing electrodes by a built-in potential originating from their
differing work functions, providing there is sufficient hole and electron transport in D
and A, respectively.45,46
Overlooking exciton diffusion for the time being, the dissociation process at the
heterojunction interface can be described as occurring in several stages. Immediately
following electron transfer from D to A (or hole transfer from A to D) the Coulombic
binding force has decreased relative to the singlet exciton, but is still prevalent. States
where this force is still felt are called charge-transfer states (CT) and have a probability,
based on their excess kinetic energy and environment, of recombining geminately to
the S0 state. Only when the two charges have separated to an extent that the force they
exert on each other is zero, are states referred to as charge-separated (CS).
Recombination of liberated charges subsequent to this step is referred to as bimolecular
recombination. A depiction of these states is given in Figure 1.4b.
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Figure 1.4. (a) Energy level diagram of the staggered semiconductor heterojunction in
an OPV at short-circuit. IED and EAA are the ionization energy of the donor and the
electron affinity of the acceptor respectively. HCE and ECE are the hole- and electroncollecting electrodes respectively. The formation of the bound exciton in the donor is
used as an example. Coloumbic binding energies are represented qualitatively in the
distance from the HOMO/LUMO, and the band-bending at metal-organic contacts do
not account for surface effects or energetic barriers. (b) State diagram outlining relevant
processes in the operation of an OPV. The x-axis is not meant to represent physical
distance. Adapted from Kippelen et al.41

The energy of CT states shown in Figure 1.4b can be estimated as 𝐸𝐶𝑇 =
(𝐼𝐸𝐷 − 𝐸𝐴𝐴 ) −

𝑞2

42,47

4𝜋𝜀𝑟 𝜀0 𝑟

where ɛr is the dielectric constant, ɛ0 is the vacuum

permittivity, and r is the distance between the electron and hole. The final term
represents the Coulombic binding energy, a force that decreases linearly with distance,
and as such higher lying states could be interpreted as having greater distances between
the charge-carriers, with the lowest energy CT state having the electron and hole in
adjacent A and D molecules. This is based on theory rooted in the work of Lars
Onsager,48 which has been applied to charge separation in OPVs to propose that freshly
injected, “hot” carriers from excitons on opposing transport materials enter with excess
thermal energy, allowing a thermalization distance, a, to form between the geminate
charges.49–52 Onsager proposed that charge recombination can occur within a Coulomb
capture radius 𝑟𝑐 = 4𝜋𝜀

𝑞2
𝑟 𝜀 0 𝑘𝐵 𝑇

if a < rc. Within this radius, the probability to achieve
14

charge separation becomes 𝑃(𝐸) = 𝑒

−𝑟𝑐⁄
𝑎

𝑞𝑟

(1 + 2𝑘 𝑐𝑇 𝐸), where E is the magnitude of
𝐵

the electric field. Conversely the probability for geminate recombination is 1 – P(E).
Since the understanding of OPVs has begun to rely on it, Onsager theory has been
adjusted to account for CT state lifetimes and varied charge mobilities to improve
accuracy, yielding estimations fairly consistent with experimental values.42,50,53–55 As a
note, in CS states the geminate radius r is effectively infinity, leading to an estimation
of 𝐸𝐶𝑆 = 𝐼𝐸𝐷 − 𝐸𝐴𝐴 , where ECS is the energy of the charge separated state, which
becomes relevant when calculating open-circuit potentials, as will be discussed in
Section 1.2.1. These liberated charges can still recombine through a process known as
bimolecular recombination, which can arise due to a number of factors, including
structural and energetic disorder, low carrier mobilities, poor blend morphologies
(which is discussed in the next section), and trap states. These trap states lie within the
energetic gap and can be the result of impurities or structural imperfections. Addressing
these states is the focus of Chapters 3 and 4; this discussion is continued in those
chapters.
Returning to excitons, the period between generation and dissociation /
recombination is known as the lifetime, and is considered one of the major limiting
factors in OPV performance. Accompanying the electron excitation comes a relaxation
of local molecular structure, which in organic materials can often manifest in the
shifting of conjugated C-C bond lengths to semiquinoidal structures.40,42 In larger
molecules, like polymers, this reorganization is shown to occur over a finite section of
the molecule, extending up to 6 monomer units in polyphenylene vinylenes, for
example, beyond which ground state bond arrangement is restored.56 This exciton must
find its way to the aforementioned heterojunction interface, hopping from site to site
via what has been described as incoherent Förster energy transfer. This process lowers
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the energy of the exciton with diffusion, and as such these charge-pairs can fall victim
to traps (discussed further in Chapter 3).
The distance that an exciton can travel in material before relaxing back to the
ground state is often referred to as the diffusion length, and for organic materials
commonly employed in OPVs, such as polythiophene derivatives, can be ca. 10 nm.57,58
If the heterojunction interface is not located within this distance, dissociation will not
occur. Unfortunately, limiting film thickness of a planar heterojunction to 10 nm is not
a viable option for effective light harvesting; absorption coefficients for organic
semiconductors, though typically much higher than inorganics at ca. 105 cm-1 in the
visible, would only result in ca. 10% absorption efficiency, severely limiting generated
current.41,59 Although some organic materials have demonstrated much larger exciton
diffusion lengths, up to 70 nm for pentacene,60 this remains an issue for a vast majority
of materials implemented in OPVs. This concept was the limiting factor in the work of
Ching Tang, and indeed for many bilayer planar heterojunction, and prior single layer,
device configurations. The apparent solution came as a dispersed heterojunction, often
called the bulk heterojunction (BHJ), beginning with the application of co-evaporated
films by Masaaki Yokoyama in 1991, which was applied to solution-processing and
polymers by the groups of Alan J. Heeger, Fred Wudl, Richard H. Friend, and Andrew
B. Holmes in 1995.61–63 While achieving the desired combination of interfacial area and
absorbance, this technique nontrivially complicated OPV device design.
1.1.4 Rise of the Bulk Heterojunction
The bulk heterojunction, shown qualitatively in comparison to a bilayer planar
heterojunction in Figure 1.5, is a mixture of D and A materials that have a variable
degree of phase separation throughout the bulk of the film, where the size, order,
distribution, and purity of the domains (the “microstructure”) are dependent on the
16

deposition method and post-processing conditions as well as on material properties
such as miscibility, solubility in the given solvent, and packing. The BHJ needs to have
sufficiently small domain sizes to allow for exciton diffusion to the interface, while still
providing pathways through “pure” domains for hole and electron transport to their
respective electrodes with sufficient mobilities. 3-dimensional morphological control
is paramount to device performance, yet predicting BHJ nanostructures for new
material blends remains a challenge.64–69

Figure 1.5. Renderings of a planar (a) and a bulk heterojunction (b) active layer. Donor
polymers (D) are represented by blue wavy lines and acceptor molecules (A) are
represented by tan circles; HCE is the hole-collecting electrode. Excitons are
represented by grouped positive and negative charges. Exciton diffusion is shown with
red straight arrows, charge carrier hopping pathways are shown by pink curved arrows.
Molecular size is exaggerated for clarity and to distinguish between neat and mixed
domains.

A problem that consistently emerges in flawed BHJ active layers, relative to
planar heterojunctions, is increased charge recombination. If domains are smaller than
rc, charges may not be able to reach the thermalization length a due to confinement,
resulting

in

increased

geminate

recombination.70

17

Additionally,

bimolecular

recombination has been linked to lower or uneven bulk charge mobilities,71–73 higher
interfacial area,74–76 and phase segregation,77 essentially providing inadequate
pathways for charge transport to the electrodes. Many of these problems stem from the
miscibility of D and A; while poor miscibility can result in segregated pure domains,
strong miscibility can undermine neat phase order and charge transport. Certain
material blends have even been shown to co-crystallize; these systems can undergo
rapid recombination, unable to transport charge carriers through the film.78–80 However,
well mixed regions in a film do exhibit effective exciton dissociation; it has been
speculated that, for many material systems, the ideal BHJ should not only include
continuous neat phases for charge transport, but also mixed regions for exciton
dissociation.78,81 To address these challenges, numerous methods of morphological
control in BHJ films have emerged; these will be discussed in the next section.
As a product of their π-conjugation, organic semiconductors are typically planar
and rigid, especially in the case of small molecules, a feature that can often lead to
anisotropic charge transport.14,82–85 For materials that would otherwise have impressive
charge mobilities, absorption coefficients, and exciton diffusion lengths, the
environment of a bulk heterojunction can severely limit their applicability, as was
observed for early planar perylene diimide derivatives.77,86,87 On cue to serve as a
solution entered buckminsterfullerene, a spherical conjugated carbon molecule
comprised of 60 sp2 carbons, named for the architect Buckminster Fuller, whose
geodesic domes it resembles. The 60 atoms complete the truncated icosahedron as a
composite of 32 shapes, 20 hexagons and 12 pentagons, that share 90 edges, exhibiting
a van der Waals diameter of 1.01 nm and an average bond length of 1.4 Å, although πbonds are considered to lie between neighboring hexagons. Though present in nature
and as a product of combustion (albeit rarely),88 the molecule was first synthesized
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intentionally by Kroto et al. in 1985.89 Sparingly soluble in common organic solvents,
the fullerene was functionalized for solubility ten years later by the group of Fred Wudl,
as a derivative known colloquially as phenyl-C61-butyric acid methyl ester (PC61BM),90
which was employed as an acceptor by Alan J. Heeger the same year in his first bulk
heterojunction OPVs.62
The high mobility and isotropic transport of the fullerene derivatives,91 and high
electron affinity (ca. 3.8 - 4.0 eV by inverse photoelectron spectroscopy, first reduction
is ca. -1.0 V vs. FeCp+/FeCp),92–94 is only slightly affected by the application of
functional groups,95–97 and consistently arranges in packing structures conducive to
charge transport.98 Though not a strongly absorbing species with a somewhat large
bandgap of ca. 1.8 eV, nor an inexpensive material at ca. $200-500 / g depending on
purity (for PC61BM in 2016), its excellent charge accepting and transport properties in
BHJs made it very difficult for other organic molecules to compete in terms of
performance. As a result, fullerene derivatives largely dominated, and to some extent
controlled, the OPV field for a significant portion of the last two decades, especially
when combined with common, low-cost, crystalline homopolymers that rely on π-π
intermolecular

transport

through

highly-ordered

phases,

such

as

poly(3-

hexylthiophene) (P3HT) and poly[methoxy-(dimethyloctylocy)-phenylen](vinylene)
(MDMO-PPV).99–102 The application of fullerene alternatives in an attempt to mimic
their isotropic transport is the focus of Chapter 2; this discussion is continued there.
Since the mid to late 2000s, new types of donor heteropolymers, called “pushpull” have received a great deal of attention, leading to some of the highest performing
OPVs to date.103–109 These polymers have a repeating donor-acceptor chromophore
system, which allows very fine control of the electronic properties via the substitution
of various heterocyclic groups.110,111 However, as a result of complex heterocycles and
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branched side-chains, these materials have moved away from a reliance on short-range,
π-π stacking order for effective charge transport in BHJs, and it has been suggested that
charges are primarily transported along the backbone.112–116 As the requirements of
short-range order for the donor have decreased, non-fullerene acceptors have returned
to prominence with rival performances.117–120 Of course, these new materials and
systems have their own morphological requirements and concerns.
1.1.5 Modern Techniques for Morphological Control in OPV Active Layers
For OPVs, the most common method of solution processing to achieve the
desired ca. 100 nm films has been, by far, spin-coating, although examples of other
methods, such as doctor-blading, spray-coating, and slot-die coating can be found in
the literature. The given technique will have a great effect on drying times and,
consequently, film morphology. At this point the discussion will focus on the process
components; a more in-depth overview of these techniques given in the next section.
For solution processed BHJs, the earliest and simplest methods of morphological
control have been solvent manipulation and thermal annealing, taking advantage of
simple material properties such as solvent volatility, material miscibility, and thermal
transitions to control domain growth and purity. With homopolymers like MDMO-PPV
and P3HT, it was determined that halogenated aromatic solvents, such as
chlorobenzene and o-dichlorobenzene, gave optimum performance due to the higher
solubility of fullerene derivatives, which led to smaller, well-dispersed domains.99–
101,121–123

Thermal annealing, first reported by Padinger et al.,124 allows for the diffusion

of small molecules and the reorganization of polymers which, depending on material
miscibilities, can increase phase size and purity.125,126 This technique is almost always
necessary to achieve higher performances with P3HT.
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Other techniques, such as solvent annealing or vacuum annealing, attempt to
prolong or shorten the drying time of the cast film. This can be achieved most simply
by using low-volatility solvents, such as o-dichlorobenzene or 1,2,4-trichlorobenzene,
which will be significantly present in the film after casting, and placing the film in a
sealed vessel, which will significantly increase the vapor pressure of the exiting
solvent.100,127 This can also be achieved by placing the dried film in a Petri dish
containing a volatile solvent, allowing reentry into the film.128–130 While this treatment
has been shown to allow continued reorganization and domain growth, vacuum or mild
thermal (50-80° C) annealing can quicken drying time to kinetically trap the
microstructure.71,131,132
Coming to the present day, one of the most recent techniques to prolong drying
time and alter domain growth is the use of solvent additives, high-boiling point solvents
that are added in small quantities to solutions, which can alter material miscibility in
solution as well, changing the initial state of the cast film.133–137 Low-volatility solvents,
such as diiodooctane or chloronapthalene, have been shown to drastically alter domain
size and aggregate order in bulk heterojunctions, enhancing performance when properly
administered.136–139 Other, non-volatile agents, such as insulating polymers and
hydrogen-bonding small molecules, can act as nucleation sites within a film, directing
phase growth.140–142
This leads to the work in this thesis; the introduction of new materials into the
active layer, essentially solid additives, with the goal of customizing and improving the
electronic transport of the semiconductors in OPVs is very much a morphological
study, as the introduction of new materials into these already disordered layers will
certainly have an effect on the microstructure. This is elaborated upon in this chapter’s
conclusion and the following chapters.
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1.2

Fundamental Techniques for Organic Photovoltaic Device and Material
Characterization

Many techniques have been employed to characterize OPV devices, and the
properties of the layer and materials (separate and blended) that compose them. This
section surveys some of these methods, focusing on those used to probe device
performance, electronic properties, and morphology. Note that this is not meant to
represent a comprehensive review of all techniques relevant to OPVs, mainly those that
were most extensively employed in this thesis. Additional techniques are appropriately
discussed in Chapters 2-5, at the point that they are relevant.
1.2.1 Organic Photovoltaics – Device Fabrication and Measurements
As discussed in the previous sections, the structure of the OPV devices has
progressed substantially since Melvin’s first cell in 1948. While the composition of the
active layer has advanced, so have the charge-extraction junctions that frame it. Modern
cells can be referred to as having one of two possible formats, conventional or inverted,
which refer to the direction of charge flow, during operation, out of the active layer
relative to the substrate on which the cell is constructed, dictated by the Φ of the
extracting materials. This is elaborated upon in the next few paragraphs.
The substrate, through which light typically enters the device, is typically a
transparent dielectric, such as SiOX or possibly a flexible polymer, coated with a thin,
transparent conducting layer (TCL). This is usually an oxide, most often tin-doped
indium oxide (ITO), with high transparency and conductivity,143,144 although
alternatives such as conductive polymers, silver nanowires, and graphene have been
employed, with generally lower performances but the promise of higher
flexibility.145,146 Φ of ITO is largely dependent on surface cleaning methodology147 and,

22

at ca. 4.5 – 5.0 eV, is not always appropriately placed for electron or hole transfer
to/from the valence and conduction bands of many materials that are employed in OPVs
without losses in energy, resulting in lower open-circuit voltages.148–151 To improve
alignment

with

organic

semiconductor

transport

levels,

interlayers,

often

semiconducting metal oxides with large bandgaps, have been employed between ITO
and the active layer.152–155
The interlayer directly above the TCL is most often solution processed for
polymer/fullerene BHJ cells. For a cell in the conventional format, this interlayer can
be a high work function hole transport layer (HTL) or electrode replacement, or a
surface modifier that increases the Fermi level energy by oxidizing the surface and / or
creating a dipole pointing out from the surface. The most common interlayer material
for this format is the ionomer mixture poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS),153 though some attention has been given to solution-processed
metal oxides, such as molybdenum oxide (MoOX) and nickel oxide (NiOX).156–158 In an
inverted cell, this interlayer is typically an electron transporting layer (ETL) and serves
to do the opposite, moving EF towards vacuum, again commonly metal oxides such as
zinc oxide (ZnOX) and titanium oxide (TiOX),159–167 although thin surface-modifying
polymer films, such as ethoxylated-polyethylenimine (PEIE) and poly[(9,9bis((dimethylamino)propyl)-2,7-fluorene)-2,7-(9,9–dioctylfluorene)] (PFN) have been
reported to give substantial improvements in performance as well.104,168 As a note,
solution-processed thin film oxides will often exhibit rather low order and purity; this
actuality and its possible solutions are discussed in Chapter 5.
Active layer deposition can be accomplished in a number of ways, as mentioned
in Section 1.1.5. Thermal evaporation is a technique that has been used since the first
report of single and bilayer devices and allows substantial control of the film
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composition out-of-plane to the substrate. Small molecules can be evaporated in
parallel or in series, with adjustable rates, and morphological control can even be
achieved by temperature modulation of the substrate; however, this is the most limiting
method in terms of eventual scale-up for production, as it is not compatible with
polymers or large molecules and has a very low through-put due to the requirement of
low pressures (ca. 10-6 Torr). Spin-coating involves the spreading of a solution across
a substrate with centrifugal force by rotating it at hundreds or thousands of rpm.169,170
Thicknesses are related to viscosity and solvent volatility. It remains the most common
solution-processing method in the academic laboratory, producing reliable and smooth
films, yet is not compatible with scale-up and is quite wasteful, with less than 1% of
the material in solution being incorporated into the final film. Example device structure
diagrams and images of an ITO/PEDOT:PSS/P3HT:PC61BM/Ca/Al device prepared in
the SSDL are shown in Figure 1.6.
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Calcium/Aluminum

P3HT:PC BM
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PEDOT:PSS

Indium Tin Oxide
Glass Substrate

Figure 1.6. (left) A diagram of the layers in an ITO/PEDOT:PSS/P3HT:PC61BM/Ca/Al device prepared at the Solid State Device Laboratory at
the Georgia Institute of Technology, and (right) an image of that very cell, before electrode evaporation. This figure highlights the ITO and mask
pattern that controls the device area, i.e. the overlap of the ITO and Ca/Al electrodes, which is 0.07 cm2 for this format. The image and diagram
are borrowed and adapted with permission from Marcin Kielar.
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Solution-processing methods that are less commonly used in academia but are
more practical for scale-up, have also been implemented in OPVs. Doctor-blading, or
blade-coating, spreads a small volume of solution in a meniscus across a substrate at a
controlled rate and height.171,172 Temperature, surface energy, and fluid surface tension
can influence film formation, and can lead to substantial order in active layer phase
growth. OPV performance for some systems has been reported to be comparable with
spin-coating.173–175 Spray-coating pushes a solution through a pressurized nozzle,
leading to a continuous flow of droplets, the size and speed of which can be adjusted.176
While it has low waste and high throughput, the drying dynamics are very different
than for solution-spreading techniques, requiring nontrivial optimization as film
morphology and microstructure are generally different.177–179 Lastly, slot-die coating is
a large-area method, similar to blade-coating, where material is dispensed from an
adjustable steel coating head upon a moving substrate.171 Thickness can be controlled
by coating rate, head width, and fluid rate. This method has already been used in the
large scale for OPVs, but is not widely tested in academic laboratories, due to the
quantity of material required.180–183
Due to the difficulties of solution processing on organic films, which include
surface tension, dissolution of the previous layer, and possibly decomposition of
organic materials by aqueous solutions, final layers are most often deposited by thermal
evaporation, with notable exceptions.184–186 In a conventional device, these will be low
Φ electrodes, such as calcium; molybdenum or vanadium oxides are often implemented
in inverted devices. When conductors are used, the EF of the semiconductor blend close
to the top electrode will be pinned close to its EA or IE respectively via electron or hole
transfer to/from the semiconductor, reducing energetic losses.14 Finally, a sizable
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thickness of a common metal conductor is generally deposited on the electrodes to
allow Ohmic contacts to external metal pins, through which bias will be induced.
Power generation in OPVs can be described using four parameters, short-circuit
current density (JSC), open-circuit voltage (VOC), fill factor (FF), and power conversion
efficiency (PCE). JSC, in mA/cm2, is the current density produced under illumination
with no external bias, and can be derived as:41,187,188
𝐽𝑆𝐶 = −

|𝐽𝑆𝐶 |𝑅𝑆 𝐴
1
[𝐽𝑝ℎ − 𝐽0 (𝑒 𝑘𝐵 𝑇⁄𝑞 − 1)]
𝑅
1 + 𝑆⁄𝑅
𝑆𝐻

Equation 1.9

The series resistance (RS) is related to the active layer conductivity, as well as
the resistance of all contacts and junctions in the device and the external pins, and
should be minimized, while the shunt resistance (RSH) is affected by sources of leakage
current, such as pinholes or impurity-induced recombination, and should be
maximized.41 Jph and J0 are the saturated current densities produced at a reverse bias
under illumination and in the dark, respectively, and A is cell area. As RS and J0 go to
0 and RSH goes to infinity, JSC becomes ~ -Jph. The maximum JSC can be described by
the integration of incident photon-to-current conversion efficiency (IPCE), which
depends on the product of photocarrier generation, exciton separation, and charge
collection, multiplied by photon flux across the AM 1.5 solar spectrum shown in Figure
1.3. For example, 100% IPCE of photons from 300 to 800 nm will give a JSC of ca. 26.7
mA/cm2. This will be expanded upon in the next section.
VOC, the external bias in V at which injected current and photocurrent cancel
one another, can be expressed as:
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𝑉𝑂𝐶 =

𝐽𝑝ℎ
𝑘𝐵 𝑇
𝑉𝑂𝐶
ln [1 +
(1 −
)]
𝑞
𝐽0
𝐽𝑝ℎ 𝑅𝑆𝐻 𝐴

Equation
1.10

where, as RSH goes to infinity, the terms in parentheses approach 1, revealing the
dependence on the ratio of JSC over dark reverse saturation current density (as JSC
approaches ~ -Jph as explained earlier). The maximum achievable VOC for a material
system is limited by the difference of IED and EAA;189 however, minimizing the
staggering of D and A energy levels to increase VOC may also decrease driving force
for charge separation, as derived in Section 1.1.3. Additional losses in the VOC relative
to ECS have been linked to low dielectric constants, energetic disorder in the density of
states, and molecular orientation at the interface, among other factors.190–193
The relationship of the two previously mentioned properties to the PCE is
outlined in the following equation:
𝑃𝐶𝐸 = (𝐹𝐹)

𝐽𝑆𝐶 𝑉𝑂𝐶
× 100%
𝑃𝑖𝑛

Equation
1.11

Pin is the incoming power density, which as previously discussed is 1000 W/m2
(or more conveniently 100 mW/cm2) at sea level for AM 1.5. As the product of the
current density and the voltage is a power density, there will be a point at which this
product is maximized corresponding to Jmax and Vmax. This product is equal to JSC ×
VOC × FF, which, when divided by the incoming power density returns a PCE, often
given in % (by multiplying by 100%). These values are determined experimentally by
sweeping a cell from negative to positive voltage (or positive to negative), measuring
current output, and plotting J against V. An example plot taken from an ITO/aZnO/PTB7:PC71BM/MoO3/Ag device (work completed in Chapter 5) is shown in
Figure 1.7.
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Figure 1.7. J-V curves from an ITO/a-ZnO/PTB7:PC71BM/MoO3/Ag device
highlighting parameters relevant to cell efficiency. The shaded region represents the fill
factor in relation to the area of a box outline is dashed red lines that would correspond
to JSC × VOC. From the J-V plot, we can determine that JSC = 16 mA/cm2, VOC = 0.72 V,
and Jmax × Vmax = 8.0 mW/cm2. From these values, using the Equation 1.7 we can
determine that PCE = 8.0%, and FF = 0.70.

The maximum achievable FF shares a relationship with VOC when normalized
to thermal voltage in the expression 𝑣𝑂𝐶 = 𝑞𝑉𝑂𝐶 ⁄𝑛𝑘𝐵 𝑇, where n is the diode ideality
factor based on the mechanisms of recombination (n = 1 if recombinations are band-toband, and increases up to n = 2 where recombination occurs via states in the energy
gap), derived from Martin Green’s empirical expression in the instance that RS is very
low and RSH is very high:194

29

𝐹𝐹0 =

𝑣𝑂𝐶 − ln(𝑣𝑂𝐶 + 0.72)
𝑣𝑂𝐶 + 1

Equation
1.12

FFs achieved in OPVs tend to fall below FF0; noting the substantial disorder
and trap states present in organic materials, especially in a BHJ, relative to crystalline
inorganics, this deviation in the ideality factor is quite understandable.41
Organic photovoltaic devices are prepared in each of Chapters 2 – 5 with a
variety of different formats, most often implemented as a definitive tool to determine
the effects of additives within the OPV device. Devices have been prepared at the
Wright Patterson Air Force Base (2011-2012), the Solid State Device Laboratory at the
Georgia Institute of Technology (2012-2016), and at the King Abdullah University of
Science and Technology (2014-2015). Greater detail is given in the respective chapters.
1.2.2 Incident Photon-to-Current Conversion Efficiency
As mentioned in the previous section, JSC is the product of the IPCE and the
photon flux density, integrated across the solar spectrum:41
𝐽𝑆𝐶 =

∫ 𝑞𝜂𝐼𝑃𝐶𝐸 (𝜆)𝑁𝑝ℎ (𝜆)𝑑𝜆

Equation 1.13

𝐴𝑀 1.5

Here IPCE is represented as ηIPCE, and the photon flux density at AM 1.5 is
represented as Nph, each of these being a λ-dependent quantity. IPCE can be determined
by recording electrical current under monochromatic light; the ratio of the produced
current and the highest possible current (determined by a calibrated reference) yields
the conversion efficiency. By varying λ, a full spectrum representing carrier generation
under white light illumination can be obtained. By integrating this spectrum over AM
1.5, using Equation 1.9, the JSC of the OPV can be calculated. A sample spectrum from
an ITO/a-ZnO/PCDTBT:PC71BM/MoO3/Ag device, similar to those exhibited in
Chapter 4, is shown in Figure 1.8. As a note, this method describes the external quantum
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efficiency (EQE), i.e. conversion efficiency from radiation incident on the solar cell,
and indeed EQE and IPCE are often used interchangeably in the literature. This
technique can also be used to determine internal quantum efficiency (IQE), the
conversion efficiency from incident photons that are actually absorbed by the device,
but this requires instrumentation with the ability to measure transmitted or reflected
light, and is less relevant to the determination of PCE.
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Figure 1.8. IPCE spectra from an ITO/a-ZnO/PCDTBT:PC71BM/MoO3/Ag device. The
dashed lines indicate that at λ = 500 nm, 67% of the incoming photons are converted
into electrical current. By integrating across the spectrum, it can be estimated that JSC
= 10 mA/cm2, in good agreement with OPV J-V measurements on the same device.

For OPVs, the IPCE of an efficient cell will resemble the absorbance spectrum
of the BHJ film of the D and A materials, and is thus partially dependent upon
complementary spectral overlap to improve JSC, but is also affected by the same
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parasitic processes that lower the short-circuit current density, such as shunt resistance
and recombination. Common acceptors, such as fullerene or rylene derivatives, will
often have a larger optical gap than the donor, and in most cases are responsible for
absorbance in the high-energy region of the spectrum. Therefore, the extent that
efficient photon-to-current conversion extents into the near-IR will depend on the
optical absorption of the donor, which for many materials, such as poly- and
oligothiophene derivatives, can depend on morphological order and π-π
overlap.122,128,195 Thus, decreasing Eop of the donor from 1.80 eV (ca. 690 nm) to 1.55
eV (ca. 800 nm) has the potential to increase the JSC by ca. 7 mA/cm-2, reflected in the
plot of maximum JSC in Figure 1.9. Naturally, decreasing Eop can have a detrimental
effect on VOC or ΔGCS, as discussed in previous sections. A somewhat advanced method
to improve absorbance overlap with the solar spectrum is to employ more than two
chromophores, as in ternary blend active layers or tandem devices, which have
demonstrated fine control of spectral matching in OPVs.184,196–198
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Figure 1.9. Solar irradiance (left y axis) at AM 1.5, compared with maximum JSC (right
y axis) assuming 100% IPCE at all wavelengths lower than the given absorption onset.
Curves are adapted and/or calculated from references provided by the American
Society for Testing and Materials (http://rredc.nrel.gov/solar/spectra/am1.5/).

IPCE was implemented in Chapters 4 and 5 as a method of studying JSC
enhancements in organic photovoltaic devices. The technique was performed at the
Solid State Device Laboratory at the Georgia Institute of Technology (2012-2016) and
at the King Abdullah University of Science and Technology (2014-2015). Greater detail
is given in the respective chapters.
1.2.3 Electrical Conductivity and Mobility
Electrical conductivity is an intrinsic intensive property of a material that
quantifies its ability to conduct an electric current under an external bias. It is the
reciprocal of electrical resistivity (ρ). Conductivity is derived as:
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𝜎=𝐺

𝑙
𝐼𝑙
𝐽
=
=
𝐴 𝑉𝐴 𝐸

Equation 1.14

Electrical conductance (G) is an extensive property and is given by current
divided by voltage. Combined with the physical properties l, which is the distance
between the two electrical contact points, and A, the cross-sectional area of the sample,
conductivity can be simply expressed as the current density over the electric field (E),
in Siemens per centimeter.
In Chapters 3, 4, and 5, conductivity progression was studied at low dopant
concentrations in semiconductors, as has been done previously by the Kahn group.199,200
σ was estimated from the ohmic (linear) regime of current-voltage curves, at E < 1000
V/cm, measured parallel to the film between source and drain electrodes, converting
current to current density using film thickness and channel width, which in all cases
were 50-100 nm and 2 mm respectively, and voltage to field using channel length,
which were 2, 5, 10 or 20 μm. An image of a typical pixel is shown in Figure 1.10.
Conductivities measured at all four channel lengths gave similar values for low
conductivity films, indicating that contact resistance, the contribution of contacting
electrode interfaces to the total resistance of a system, is negligible relative to film
resistance. At higher values the conductivity was also determined with 4-point probe
measurements, which minimizes the contact resistance by divorcing the currentcarrying and voltage-sensing probes. Comparing these measurements relative to the 2point measurements indicated a maximum contact resistance on the order of 10s of kΩ
in the latter, which is negligible (< 1% total resistance) at the majority of ultra-low
doping concentrations. Though this approximation does not account for changes in
semiconductor/probe junctions as a result of electrical doping, it is assumed that the
conductivity trends remain consistent as values were fairly equivalent with literature
reports and 4-terminal measurements. As an example plot, the complete series of J-E
34

curves for PTB7 doped with Mo(tfd-CO2Me)3, which are presented as conductivity vs.
dopant concentration plots in Figures 4.2 and 4.4, is shown in Figure 1.10. Greater
detail is given in the respective chapters.
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Figure 1.10. (left) Microscope image of a prepatterned gold/ITO electrode fingers on silicon oxide over silicon beneath a pristine 50 nm P3HT
film. For this example pixel, channel width and length are 20 μm and 2 mm respectively. (right) Representative J-E curves of PTB7 films, undoped
and doped from 0.001 wt. % up to 30 wt. % of the p-dopant Mo(tfd-CO2Me)3. The increase in slope between 103 and 104 has been linked to trap
charge limited current (TCLC) which is greatest in the undoped film and present at dopant concentrations < 1.0 wt. %, above which deep traps are
passivated (see Chapter 4).200
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In the absence of an electric field, charge carriers move randomly in solid
materials. Upon the application of a field, carriers are accelerated to a finite average
velocity called the drift velocity (vd), a limit resulting from scattering due to impurities,
defects, and quasiparticles such as phonons. Electron, or hole, mobility (μ) quantifies
how rapidly a charge carrier can move through a material under an electric field in
relation to the magnitude of vd, defined as 𝑣𝑑 = 𝜇𝐸, where E is the magnitude of the
electric field. μ is most often given in cm2 V-1 s-1. Mobilities of electrons and holes are
generally related to electrical conductivity as:
𝜎 = 𝑛𝑞𝜇𝑒 + 𝑝𝑞𝜇ℎ

Equation 1.15

although one term or the other is usually dominant under given conditions. The number
densities of electrons and holes are given as n and p respectively. Inorganic materials,
such as metals and silicon, have high order and extensive interatomic orbital overlap,
and will typically have mobilities in the 100s to 1000s of cm2 V-1 s-1.201 In metals, due
to high carrier densities from contributing valence electrons, ca. 1022 cm-3, very high
conductivities result, typically ca. 105 S cm-1. In many organic materials, disorder
and/or poor intermolecular/interchain orbital overlap forces charge transport to occur
via a hopping process, as discussed previously, which is less efficient than in wellordered inorganic solids. As a result the mobilities are quite low, typically < 1 cm2 V-1
s-1, although there are notable exceptions in polymers and fullerenes.114,202
μ can be determined through a variety of different experiments, such as timeof-flight (TOF), space-charge limited current (SCLC), time resolved conductivity, and
field-effect transistors (FETs). TOF experiments were used in Chapter 2 to measure
changes in the bulk electron mobility of blended perylenediimide derivatives; further
theory and experiment detail is provided in Section 2.2.8. SCLC measurements are
another way of observing bulk mobility, by applying a field to an electrode-contacted
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material of sufficient magnitude that the current becomes dominated by injected
carriers, allowing mobility to be estimated by fitting the I-V curve. Unlike the linear
ohmic (low bias) regime, this region is identified by an approximately quadratic
relationship between current and voltage (I ~ V2).203,204 Time-resolved conductivity
uses high frequency electromagnetic radiation to probe photo-induced carrier motion
over short time and length scales, claiming relevance in the examination of charge
behavior during charge separation.205,206
An FET uses an external electric field to form a discrete, conductive channel
for a single charge carrier type within a semiconductor. Though this type of device was
first patented by Julius Edgar Lilienfeld in 1926, practical devices were not fabricated
until over 20 years later by Shockley’s group at Bell Laboratories.207,208 FETs can have
differing configurations, such as top or bottom-contact, and top or bottom-gate,
referring to the electrode location in reference to the semiconductor, but the general
format includes source (S) and drain (D) electrodes that outline a channel of a specific
length (L) and width (W), and a gate (G) electrode, isolated from S, D, and the
semiconductor by a dielectric. By applying bias at G relative to S (VGS), a channel can
be opened or closed along the interface of the semiconductor and the dielectric, which
can then be populated by inducing a bias between S and D (VDS). In Chapters 3, 4, and
5, mobility trends upon the incorporation of electrical dopants into organic and metaloxide semiconductors were determined by FET measurements. FETs prepared at the
King Abdullah University of Science and Technology had a bottom-gate bottomcontact configuration as illustrated in Figure 1.11. Greater detail is given in the
respective chapters.
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Figure 1.11. A simple illustration of a bottom-gate bottom-contact FET, like those
prepared in Chapters 3, 4, and 5. The channel forms at the interface between the
semiconductor and the dielectric, along the length between the source and drain
electrodes.

These four experiments are quite diverse in their operation and resulting values,
and as such there has been some debate over the relevance of certain techniques to
charge transport in organic photovoltaics.209–211 Both TOF and SCLC are considered to
be bulk measurements, and can measure μ perpendicular to the film, which is often
claimed as the most consistent reproduction of OPV conditions, yet thicknesses will
generally need to be greater than those in the photovoltaic devices to allow sufficient
sensitivity. Time-resolved conductivity μ values are often the highest, but have been
criticized as representing local regions of the film that exhibit the most ideal transport,
rather than the entirety of the material. FET measurements involve the formation of a
discrete channel at the semiconductor interface, which is parallel to the film and may
not represent the bulk. In the modern OPV literature, it is not surprising to see any one
of these measurement types employed, which can coincide with technique preference
and availability.
1.2.4 Photoelectron Spectroscopy
Photoelectron, or photoemission, spectroscopy (PES) refers to various surface
measurement techniques that are employed to determine the binding energy (BE) of
electrons ejected by incident electromagnetic radiation via the photoelectric
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effect.24,25,212,213 Depending on the energy of the incoming photons (hν), the energy
levels of core or valence electrons can be identified by the kinetic energy (KE) of
liberated photoelectrons via Einstein’s relation:
𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 − 𝐼𝐸 = ℎ𝜈 − 𝛷

Equation 1.16

Photoelectron BE is determined by chemical structure, molecular bonding, and
intermolecular wavefunction overlap, and thus can deliver an immense amount of
information with great sensitivity. However, in solids, depending on photoelectron KE
and the material density, the inelastic free mean path (λp) is limited leading to
substantial signal decay beneath certain depths, which is what restricts PES to a surfacesensitive analytical technique. Decay is not considered beyond the material surface, as
these experiments are typically conducted in ultra-high vacuum (UHV). Calculated λp
is plotted against KE for organic materials in Figure 1.12.
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Figure 1.12. This plot shows the calculated λp in nm of photoelectrons through organic
materials, using constants identified by Seah et al.214 The decay of intensity I at a certain
depth (x) can be expressed as 𝐼(𝑥) = 𝐼0 𝑒 −𝑥⁄𝜆𝑝 where I0 is the intrinsic intensity. The
energy regions analyzed in ultra-violet and x-ray photoelectron spectroscopy are
indicated, respectively. Correcting for the signal decay is required for thin film analysis,
and in some cases can be used to determine film thickness, as is performed in Chapter
5.

X-ray photoelectron spectroscopy (XPS) was first successfully demonstrated by
Kai Siegbahn in 1957.215 This technique uses an aluminum or magnesium source, which
emits Kα X-rays upon bombardment with high energy electrons, to liberate electrons in
atomic core energy levels on / near a material’s surface. The intensity is recorded
against KE, which is converted to BE using the Einstein relation above. The core
binding energies of elements are uniquely characteristic, and therefore XPS allows the
determination of elemental composition through their detection. Atomic ratios can be
identified with the intensity of the peaks, as I is directly related to the elemental
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concentration in the sample, when corrected for the ionization cross-section, the
sensitivity of the detector, and the signal attenuation mentioned above. XPS was used
in Chapter 5 to determine pentamethyl rhodocene derivative concentrations and O/Zn
atomic ratios in oxide films. Greater detail is given in the chapter.
Ultra-violet photoelectron spectroscopy (UPS) uses UV light, between ca. 1030 eV depending on the discharge source, to ionize valence electrons in gaseous or solid
materials. The technique was developed by David W. Turner in 1962 implementing a
helium discharge lamp emitting He I radiation at a wavelength of 58.4 nm (21.2 eV),
which has remained the most common light source.216,217 In the gas phase, UPS can
determine the ionization energies free of intermolecular interactions.218 In solid
materials, UPS can be used to look at energy level distributions based on the kinetic
energy and angular distribution of photoelectrons as well, taking into account the signal
decay as mentioned above, but is also effectively used, regarding the work in this thesis,
as an established method to determine Φ and IE.
To demonstrate this function, a UPS spectrum of ca. 15 nm PCDTBT on ITO
ionized with He I radiation, corresponding to the values given in Figure 5.5, is shown
in Figure 1.13. As the KE of incoming photoelectrons are determined relative to the
Fermi level of the analyzer, in such an experiment, a conductor, or a thin semiconductor
film on a conductor, is put into electrical contact with the analyzer to equalize the Fermi
levels of the two materials, corresponding to 0 eV binding energy. Unfilled levels
cannot be probed with UPS, as there are no electrons to liberate, so there can be no
signal at negative binding energies. In a metal, a density of states can be seen directly
at the lowest positive values of BE since EF is located within an energy band. In
semiconductors, like the polymer exhibited in Figure 1.13, EF is in the gap between
filled and empty bands (or densities of states in organics), so the intensity remains low
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until the valence band onset (VBO). The BE of this onset is equivalent to the difference
between IE and Φ.
With decreasing kinetic energy, the flux of inelastically scattered electrons will
typically grow (along with λp) leading to an increase in intensity. As BE approaches hν,
there will be a cutoff corresponding to a point at which photoelectrons no longer have
enough kinetic energy to escape the material. This is called the secondary edge cutoff
(SEC) and accordingly the work function can be determined as 𝛷 = ℎ𝜈 − 𝑆𝐸𝐶. The
value of IE can therefore be derived as 𝐼𝐸 = (ℎ𝜈 − 𝑆𝐸𝐶) + 𝑉𝐵𝑂. As a note, the
measured Φ of a thin semiconductor on a conductor will often be affected by the Φ of
the conductor due to band-bending at the junction, as discussed previously, and should
be considered when comparing UPS data of semiconductors on different conductive
bases.
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Figure 1.13. A UPS spectrum of ca. 15 nm PCDTBT on ITO, corresponding to the
values given in Figure 5.5. The ionizing radiation is He I (21.2 eV). BE is given in the
Y-axis, and the X-axis corresponds to intensity in arbitrary units.

UPS is employed in Chapters 3, 4, and 5 to study shifts in EF upon the
incorporation of electrical dopants into organic and metal-oxide semiconductors.
Additional detail is given in the respective chapter.
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1.2.5 Atomic Force Microscopy
Atomic force microscopy (AFM) is a type of scanning probe microscopy, a
method of microscopy that overcomes the optical diffraction limit by scanning a
mechanical probe to create an image of a surface, invented by Gerd K. Binning at IBM
in 1982.219,220 AFM can achieve sub-nanometer resolution through the use of an ultrafine tip attached to a cantilever. Imaging is achieved by reflecting a laser beam off the
cantilever onto a photodetector and moving the tip across the surface of a sample; as
the sample imposes forces on the tip, the resulting movements of the cantilever are
recorded by displacements of the reflected beam on the photodetector with respect to
the equilibrium position, essentially translating atomic scale features into the
macroscale. The image is formed by relating tip position to beam displacements, often
represented as a pseudocolor plot. The tip itself is typically shaped as a ca. 5 µm tall
pyramid with a ca. 30-50 nm wide point. This limits lateral resolution to the tens of nm,
although

higher

resolutions

have

been

achieved

with

functionalized

tip

terminations;221–223 the vertical resolution is governed by the sensitivity of the
photodetector, and can be fractions of a nanometer.
AFM tips can be acted upon by a number of forces, including mechanical,
electrostatic, van der Waals, and capillary. Imaging is usually performed in one of three
modes: contact mode, where the static tip is dragged across the surface, tapping mode,
where the tip amplitude is oscillated over the surface, and non-contact mode, where the
oscillating tip does not physically contact the surface at all, and is primarily acted upon
by van der Waals forces.220,224–226 In the latter two modes, the cantilever is oscillated
by a piezoelectric element at its resonant frequency, the main difference between the
two being that a tapping mode image is generated by the force of the contacts of the tip
with the sample surface, while non-contact mode generates images from z-direction
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feedback, adjusting its amplitude based on oscillation frequency changes due to surface
forces to maintain a constant height. Each mode has advantages and disadvantages
depending on material properties and environment; for example, non-contact mode
does not result in sample degradation, making it useful with soft materials and
biological samples, but can suffer from artifacts caused by fluids on the surface, which
is common in atmospheric conditions.227
The two most common types of images produced by an AFM scan are
topographic and phase. The topographic image is generated, depending on imaging
mode as previously discussed, by oscillation frequency fluctuations or by the feedback
used to adjust the cantilever height. Conversely, phase images map variations in the
properties of the surface related to elasticity, friction, and adhesion, and can be collected
simultaneously to topographic images. These images are generated by the phase lag
between the input signal driving cantilever oscillation and the actual oscillation, which
reflect changes in the surface mechanical properties. An example from Chapter 2,
topographic and phase images for P3HT thin films taken in tapping mode, is shown in
Figure 1.14. In the phase image, the boundaries of the fibrillary P3HT domains can
easily be identified.

Figure 1.14. Atomic force microscopy topographic (left) and phase (right) images for
P3HT thin films taken in tapping mode, exhibited in Chapter 2. The lamellar order of
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the polymer domains, absent from the topographic scan, is clearly identified in the
phase scan.

AFM has been used extensively to study active layer and interlayer surfaces in
OPVs, including the development of techniques to measure local photoconductivity
correlated with surface morphology.228–233 In this thesis, AFM was used in each of
Chapters 2, 3, 4, and 5 to study the effects of additives on the surface structure and
mechanical properties of polymers, small molecules, and metal-oxides. Additional
detail is given in the respective chapter.
1.2.6 Grazing-Incidence X-Ray Scattering & Diffraction
The nanoscale order of OPV thin films can be probed through their interactions
with X-rays. This can be traced back to the phenomenon of Rayleigh scattering, the
elastic scattering of x-rays resulting from interactions with electrons. Crystalline
systems, where atoms or molecules are arranged in a highly ordered, repeating
structure, can scatter waves in a specular manner, resulting in constructive and
destructive interference between lattice planes. The resulting interference pattern is the
root of an analysis method called Bragg diffraction, first proposed by William
Lawrence Bragg and William Henry Bragg in 1913.234
For a crystal with a lattice plane spacing d, radiation with wavelength, λ, of a
similar size will have path length differences, based on which plane they are scattering
from, equal to 2dsinθ, where θ is the scattering angle relative to the plane, as shown in
Figure 1.15. When this path length difference is equivalent to an integer multiple of λ
the scattered waves interfere constructively producing a reflection spot in a diffraction
pattern; this is essentially the derivation of Bragg’s law:235,236
2𝑑 sin 𝜃 = 𝑛𝜆

47

Equation 1.17

where n is a positive integer. This effect intensifies with reflection from successive
lattice planes in the crystal. As a note, this effect can also be observed for moving
particles, such as electrons, by treating them as waves with a de Broglie wavelength
inversely proportional to their momentum. This is elaborated upon for particles at
relativistic speeds in the electron microscopy section of Chapter 3 (3.2.4). Besides
determination of the lattice spacing based on the diffraction angle, peak intensity and
width can give information about particle or domain size, and sample crystallinity.

θ

2θ

θ

Figure 1.15. A simplistic representation of Bragg diffraction, where d is the distance
between reflecting lattice planes, and θ is the angle of incident electromagnetic
radiation.

Since 1912, X-ray diffraction has been heavily used to elucidate packing
structures of inorganic and organic crystals, and, for organic crystals of sufficient
purity, chemical structure down to mean chemical bond lengths, accelerating the
understand of bonding, such as resonance and non-covalent interactions,237–241 and
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leading to over 20 Nobel prizes in chemistry, physics, and medicine. In a typical X-ray
diffraction experiment, radiation is sourced from an X-ray tube, similar to that used in
XPS, which is directed at the sample at an angle θ, the scattered radiation detected by
a detector at 2θ. The source angle is increased over time, relative to the sample, to
generate a diffraction pattern. When considering semi-crystalline organic thin films,
such as the active layer in an OPV, a very low angle of incidence is used to increase the
sensitivity to Bragg diffractions in the thin film relative to those in the substrate. In this
experiment both the film and detector are radially scanned at a 1:2 ratio to probe lattice
planes perpendicular to the film. Planes parallel to the film can be observed by rotating
the film or moving the detector radially relative to the film surface. This technique
sometimes referred to as grazing-incidence X-ray diffraction (GIXRD) and was
developed by Marra et al. in 1979.242
A method of X-ray diffraction that is often used with polymer thin films is
grazing-incidence wide angle X-ray scattering (GIWAXS), specifically referring to the
wide scattering angles (large 2θ) that are typically observed for sub-nanometer
structures.243,244 This experiment provides a 2-dimensional diffraction pattern relative
to the plane of the substrate, using a large stationary detector at a small distance from
the sample, which allows the orientation of order and packing structures to be
determined. The high radiation flux for this experiment is typically provided by a
synchrotron source. Diffraction patterns of this type are often plotted in q-space,
removing λ from the relationship to distance, but can converted to 2θ values for GIXRD
comparisons:
𝑞=

4𝜋
2𝜋
sin 𝜃 =
𝜆
𝑑

Equation 1.18

As an example, a 2D GIWAXS pseudocolor plot for a neat P3HT film, from
Chapter 3, is exhibited in Figure 1.16, with lamellar (edge-to-edge) diffractions
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identified. These plots can be converted to 1D diffraction patterns by integrating across
an angle, such as that outlined by the red lines. 1D patterns can sometimes reveal
features difficult to observe in the pseudocolor plots, such as the weak π-π stacking
feature at ca. 16.8 nm-1, corresponding to a physical spacing of ca. 3.8 Å.
OPV active layers have often employed materials that arrange into highly
ordered domains and as such GIXRD and GIWAXS have accordingly been used to
determine degrees of order, π-π and lamellar packing distances.99–102 In this thesis, these
techniques were used in Chapters 2, 3, and 4 to characterize the effects of additives and
material blending on the order of such active layers. Additional detail is given in the
respective chapter.
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Figure 1.16. (left) A 2D GIWAXS pseudocolor plot for a neat P3HT film. Lamellar peaks (100, 200, 300) are identified. The red lines outline the
region integrated to create the corresponding 1D plot (right). The lamellar feature at a ca. 4.0 nm-1 in q-space can be converted, via Equation 1.14,
to 15.6 Å, and the π-π stacking feature at ca. 16.8 nm-1, corresponds to a physical spacing of ca. 3.8 Å.
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1.3

Conclusion

Great progress has been made in organic photovoltaics since the work of
Kearns, Calvin, Kallmann, and Pope in the 1950s-60s, and especially in the last 20
years since the development of the bulk heterojunction by Heeger, Wudl, Friend, and
Holmes, but many questions still remain. In particular, proper control of active layer
morphology and microstructure as well as the effects of additive introduction on these
properties are topics that require considerable attention as the field moves forward. The
work in this thesis explores the employment of solid additives with the goal of
customizing the electronic properties of the semiconductors in the OPV, as well as the
morphological effects of their introduction in the BHJ, employing primarily the
techniques described in Section 1.2 and others, explained within the respective chapters
they are implemented. Ternary blend active layers, where a new component is added as
a method of additive-based morphological control, attempting to improve electron
transport through non-fullerene domains, is the focus of Chapter 2. Chapters 3 and 4
involve the use of molecular dopants for trap passivation with various polymers in the
BHJ, and their ability to be dispersed with the local order of the system. Finally, Chapter
5 describes the introduction of molecular dopants into an amorphous inorganic chargetransport interlayer, with unexpected effects on oxide composition and device
performance.
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DUAL-ACCEPTOR PERYLENE DIIMIDE TERNARY
BULK HETEROJUNCTIONS IN ORGANIC
PHOTOVOLTAIC DEVICES

2.1

Introduction

2.1.1 Ternary Bulk Heterojunctions in Organic Photovoltaics
In the past few years the field of organic photovoltaic (OPV) devices has
undergone dramatic improvements. With the continuingly advancing synthesis of
'push-pull' donor polymers and small molecules, the power conversion efficiencies of
the latest cells are starting to show promise of being able to compete with inorganic
solar cells. However, it at this point it is widely thought that substantial progress is most
likely to come from increased control of the active layer morphology.1–4
As discussed in Chapter 1, the wide implementation of the bulk heterojunction,
designed to maximize interfacial area between the donor and acceptor phase,5,6 has
introduced a complex set of variables to the charge generation and transport processes,
depending upon domain sizes, purity, order, and distribution. For example, small
domain sizes can decrease the probability of successful charge separation (leading to
geminate recombination) by limiting the distance over which two opposing charges can
be separated during the initial steps of the process.2 Also after charge separation has
occurred, bimolecular recombination can take place between independent charges,
especially in systems where an inadequate pathway exists for the charges to leave the
active layer.7 Rough surfaces and the presence of voids can increase the series
resistance and lead to the presence of short-circuits.8 Lastly, different materials will
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naturally have different morphologies, depending on a number of factors including
structure, polarity, and miscibility with the other compound as well as the solvent,
making morphology optimization trends difficult to predict.
An approach that has received some attention is the use of ternary blends to
improve charge generation/extraction or increase current density by harvesting a greater
portion of the solar irradiance. A number of publications have reported short-circuit
current density (JSC) maximization and open-circuit voltage (VOC) modulation by
carefully controlling the ratio of two donor materials.9–11 Of course, it was found that
incorporation of a third material also yielded new morphological effects. The addition
of controlled portions of regio-random poly(3-hexylthiophene) (P3HT) added to regioregular P3HT:phenyl-C61-butyric acid methylester (PC61BM) blends were found to
exhibit a higher degree of crystallinity with smaller crystalline domains than use of the
purely regio-regular donor polymer, as observed by Campoy-Quiles et al.12 A higher
VOC is also observed and it attributed to a higher polymer ionization energy caused by
the isolated random chains. Li et al. also observed that the addition of small portions of
poly[hepta-decanyl-carbazole-(dithienyl-benzothiadiazole)]

(PCPDTBT)

to

P3HT:PC61BM blends can slightly increase the VOC values but further addition will
disrupt the film crystallinity and cause drastic drops in the JSC.13 An additional study
performed by Lim et al. demonstrated that the incorporation of low-bandgap
benzothiadiazole and thiophene-based oligomers into a P3HT:PC61BM cell caused
increased P3HT crystallinity resulting in a higher JSC.14 A more crystalline version of
the oligomer, featuring longer alkyl chains, actually lowered device efficiency.
2.1.2 Dual-Acceptor Ternary Bulk Heterojunctions
Ternary systems with multiple acceptors have yet to achieve any improvements
in device performance, besides the use of specific fullerene blends15 with P3HT.
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Perhaps the second most studied acceptor material, after the fullerenes, are perylene
diimides (PDIs).16–18 As observed by Shoaee et al., P3HT:PDI thin films demonstrate
considerable photoluminescence quenching, indicative of a favored electron transfer
from the excited P3HT to the PDI.19 These blends also show very efficient polaron
yields at low driving forces for charge separation, relative to polymer:PC61BM blends,
as observed by transient absorption spectroscopy. This is typically a sign of an effective
charge separation process. Unfortunately, devices prepared from these P3HT:PDI
blends have generally poor power conversion efficiencies (PCEs).16,19,20 The primary
cause, supported by the decay rate and timescales of absorption transients, is believed
to be bimolecular recombination brought about by poor pathways for electron
extraction through the PDI crystallites.

P3HT Phase

PDI

PDI
Polymers
Hypothetical Environment

Figure 2.1. Hypothetical environment of the ternary P3HT/PDI/PDI polymer blend.

According to transmission electron microscopy and atomic force microscopy
measurements, planar PDIs arrange into small crystalline phases on the order of tens of
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nanometers within the larger P3HT phase.19 This segregated morphology is considered
to be detrimental to the ability of separated polarons to escape the active layer and be
collected by the electrodes. However, previous research involving alternating PDI and
dithienothiophene (DTT) polymers mixed with a branched polythiophene yielded
successful OPV devices, with efficiencies up to 1.5%.21 This work explores whether
the incorporation of two PDI-derived acceptors into a ternary blend with P3HT could
promote a morphology, involving interactions between PDI and PDI polymer phases
(example in Figure 2.1), in which the separated charges will be provided with a suitable
pathways to the electrode and thus have a higher probability of leaving the active layer
and reaching their respective electrodes.

2.2

Methods & Results

2.2.1 Synthesis
A schematic representation of the synthesis work is shown in Figure 2.2. The
small molecule N,N’-di(2-decyltetradecyl)perylene-3,4,9,10-tetracarboxylic diimide,
referred to from this point on as PDI, was selected due to favorable electronic
interactions with poly-3-hexylthiophene, indicated by strong photoluminescence
quenching.19 The side-chain precursor, 2-decyl-1-tetradecylamine, was synthesized by
conversion from the alcohol by way of bromination followed by an Ing-Manskemodified Gabriel procedure as described by Guo et al.22 PDI is formed upon
condensation of this amine and perylene-3,4,9,10-tetracarboxylic acid anhydride.23
Poly{[N,N'-bis(2-decyl-tetradecyl)-3,4,9,10-perylene

diimide-1,7-diyl]-alt-

(dithieno[3,2-b:2',3'-d]thiophene-2,6-diyl)}, which will be referred to from this point as
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the PDI polymer, shares the same side-chain as the small molecule and displays the
highest electron mobility of PDI polymers to date.24 The synthesis of the PDI polymer
was achieved via Stille coupling of N,N'-bis(2-decyl-tetradecyl)-1,7-dibromo-3,4,9,10perylene diimide, obtained by condensation of 2-decyl-1-tetradecylamine with 1,7dibromoperylene-3,4,9,10-tetracarboxylic acid dianhydride (provided by Solvay), and
2,6-bis(tri-n-butylstannyl)dithieno[3,2-b:2',3'-d]thiophene, obtained by stannylation of
2,6-dibromodithieno[3,2-b:2',3'-d]thiophene (provided by Solvay) through brominelithium exchange followed by treatment with tri-n-butyltin chloride, as described by
Zhan et al.21 The PDI polymer was then purified by size-exclusion chromatography and
Soxhlet extraction. All intermediates were characterized by 1H nuclear magnetic
resonance (NMR) spectroscopy, and final products were characterized additionally by
13

C NMR spectroscopy (not including Polymer PDI) and elemental analysis (at Atlantic

Microlabs), with similar purity and yield to that being achieved in literature. As a note,
1,7-dibromoperylene-3,4,9,10-tetracarboxylic acid dianhydride will always contain
some of the 1,6-dibrominated isomer that will persist through conversion to the diimide
and polymerization, but only the former is shown for consistency.
The molecular weight distribution of the PDI polymer was determined using gel
permeation chromatography (GPC). The weight average molecular weight (M W),
number average molecular weight (MN) and polydispersity index (obtained by MW/MN)
of the polymer were estimated on a PL-GPC Model 210 chromatograph at 35 °C, using
THF as the eluent and polystyrene standards as calibrants. MW, MN, and the
polydispersity index were determined to be ~ 25 kDa, ~ 11 kDa, and ~ 2.1 respectively,
which are all slightly higher values than obtained by Zhan et al.;21 the molecular
weights might fall short of the actual value due to poor solubility of the higher
molecular weight polymers in the given solvent.
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Figure 2.2. Reaction scheme outlining the formation of the two products, N,N'-di(2decyl-tetradecyl)perylenetetracarboxylic-diimide
and
poly{[N,N'-bis(2-decyltetradecyl)-3,4,9,10-perylenediimide-1,7-diyl]-alt-(dithieno[3,2-b:2',3'-d]thiophene2,6-diyl)}.
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2.2.2 Differential Scanning Calorimetry
The thermal characteristics of these perylene derivatives, and their interactions
with the donor polymer P3HT, were explored with differential scanning calorimetry
(DSC). DSC thermoanalysis allows for the quantitative determination of phase
transitions via the detected difference in thermal energy required to raise the
temperature of a sample versus a reference material of known heat capacity. Data are
plotted as the heat flow (given as power over sample mass) for a given temperature,
and allow for the acquisition of transition points and enthalpies. Passing through
endothermic/exothermic physical transitions, such as phase changes or glass
transitions, will result in the absorption/release of a greater amount of heat per mass,
and can manifest as peaks or depressions in the heat flow. The technique was invented
by Michael J. O’Neill and Emmett S. Watson in 1962,25 and commercialized the very
next year. DSC has been employed quite extensively in the fields of organic electronics,
used to probe the mixing and miscibilities of co-deposited materials such as those in
bulk heterojunctions.26–28
DSC revealed several altered and/or new phase transitions depending on the
donor:acceptor ratio in blended P3HT:PDI films, shown in Figure 2.3. Heterojunction
films were drop-cast on solvent & UV-Ozone-cleaned glass substrates, then removed
with a metal blade and sealed in a hermetic aluminum pan. An empty pan was used as
the reference. Solutions were prepared with a total concentration of 10-15 mg/mL in
chlorobenzene. All steps were performed in the inert environment of a glovebox. Dropcasting was implemented in lieu of spin-coating in order to collect sufficient sample
required for an accurate measurement, ~ 3-5 mg. The second cooling cycle of samples
is used to avoid solvent-related artifacts.
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The enthalpy of PDI’s melting transition is greatly suppressed by the presence
of P3HT but the melting point does not strongly vary in temperature while it is visible
(80-100 wt. % PDI), while the P3HT melting point is linearly lowered by the presence
of PDI, but retains a reasonable enthalpy proportional to its concentration. Two new
transitions are observed between these melting points, both appearing within the range
of ~70-80 wt. % PDI (~50 mol. %). These data offer evidence that P3HT and PDI are
expected to mix very well, rather than form neat, completely segregated, material
phases. Blending the two materials and annealing results in very little of the pure
ordered phase of PDI; likely the acceptor is distributed in the donor phase or forms a
new ordered phase with the polymer, as evidenced by the depression of the P3HT
melting point and the new transitions respectively.

Cooling Cycle Two
0% PDI
40% PDI
50% PDI
60% PDI
70% PDI
80% PDI

90% PDI
100% PDI

Figure 2.3. Differential scanning calorimetry of various blends of P3HT and PDI, given
in wt. % of the PDI. The second cooling curve is shown to exclude solvent/processing
effects.
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Upon measuring DSC scans with a number of possible binary and ternary
blends, exhibited in Figure 2.4, no thermal features were observed up to 400 ºC for neat
Polymer PDI, but the incorporation of the polymer into films with P3HT and the small
molecule PDI afforded some noticeable effects. The 1:1 by weight mixture of PDI with
Polymer PDI caused a significant depression in the magnitude and area of the melting
point of PDI, much greater than would be expected if the feature was simply reduced
by half, accounting for dilution. It should also be noted that continued cycling of the
temperature (heating to a maximum of 360 ºC and cooling down to -60 ºC) saw the
complete disappearance of this thermal transition. A possible conclusion is the
incorporation of the two materials into a single, poorly ordered phase, suggesting
homogeneous blending of the two materials, a theory supported by the smooth films
detected by atomic force microscopy to be seen in Figure 2.10. A 1:1:1 by weight
mixtures of all three species results in a complicated curve, with certain characteristics
resembling both the P3HT:PDI and the PDI:Polymer PDI binary blends. While drawing
conclusions from this ternary mix is rather challenging, there seems to be evidence that
PDI is interacting with both polymers, as revealed by the disappearance of the melting
point of PDI and the depression of the melting point of P3HT.
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Figure 2.4. Differential scanning calorimetry (DSC) on neat P3HT, neat small molecule
PDI, neat polymer PDI, and corresponding binary and ternary blends. The second
heating curve is shown to remove solvent/processing effects.

2.2.3 Scanning Electron Microscopy
The film properties of P3HT:PDI heterojunctions were analyzed with scanning
electron microscopy (SEM) in order to further explore the morphological
characteristics of this blend. SEM is a surface measurement technique that can produce
images as the result of various interactions between a focused electron beam and a
sample, yielding information regarding surface composition and morphology with
resolutions on the order of a nanometer. The invention of SEM is credited to Manfred
von Ardenne, who in 1937 produced a high-magnification microscope with a minute
raster scan of a beam of electrons, his work eventually leading to the construction of
the first high-magnification SEM, and an expansion of SEM theory and detection
modes.29–31 SEM can be used in a number of modes, including for the detection of
backscattering primary electrons, luminescence from relaxing electrons (which can be
generated as valence electrons replenish secondary electron vacancies or by
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cathodoluminescence), and, most commonly, ejected secondary electrons. SEM has
been implemented in numerous organic electronic fields in order to study material
microstructure, phase segregation, and layer interfaces.26,32–34 Samples for SEM were
prepared in the following manner: 200 nm-thick patterned ITO-on-glass substrates
were sonicated in 5% vol/vol Triton X in water, water, acetone, and isopropanol, and
then UV-ozone cleaned for 10 min. PEDOT:PSS (Clevios P VP Al 4083) was spin-cast
at 4000 rpm for 45 s, then annealed at 120 °C for 10 min. 20 mg / mL chlorobenzene
solutions of various ratios of P3HT:PDI were spun-cast at 1000 rpm for 60 s to give
~120 nm films. A thin layer (< 30 nm) of silver was then sputtered on top of the sample
to combat charging effects. SEM was performed on an FEI Quanta microscope by Dr.
Michael Clark at the Wright-Patterson Air Force Base.
As seen in Figure 2.5, SEM of P3HT:PDI films at various ratios revealed large
features relative to those seen in P3HT:PC61BM films, with sizes of hundreds of
nanometers in films containing larger concentrations of the perylene derivative. This
appears to be in good agreement with the transmission electron microscopy results
reported by Shoaee et al.,19 who state that such morphologies lead to poor exciton
dissociation as the excitons are unable to reach donor-acceptor interfaces. The DSC
results from Section 2.2.2 also indicate that these large domains might be mixed phases
of P3HT and PDI; specifically PDI could be incorporating into the P3HT phases,
depressing the melting point of the polymer, as is observed for the 1:1 blend. The large
features in the 1:4 P3HT:PDI blend could be a new blended phases, as the enthalpy for
thermal transitions of the neat materials are pretty strongly suppressed.

87

Figure 2.5. Scanning electron microscopy images of 1:4 P3HT:PDI (left), 1:1 P3HT:PDI (middle), and 1:1 P3HT:PC61BM (right) films spun-cast
from o-dichlorobenzene, at 15000× magnification. SEM was performed on an FEI Quanta microscope by Dr. Michael Clark at the Wright-Patterson
Air Force Base.
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2.2.4 Grazing-Incidence Wide Angle X-ray Diffraction and Scattering
A detailed discussion of grazing-incidence X-ray diffraction (GIXRD) and
grazing-incidence wide-angle X-ray scattering (GIWAXS) in BHJ OPV active layers
was given in Chapter 1. GIWAXS and GIXRD of spin-cast films was performed at the
Diamond Light Source (Beamline I07 – Surface and Interface Diffraction) at the
Harwell Science and Innovation Campus in Oxfordshire, United Kingdom, and using a
Rigaku ATX-G instrument at the Wright Patterson Air Force Base, respectively. The
experimental parameters on Beamline I07 were established as a sample-to-detector
distance of 33 cm, an X-ray wavelength of 1.378 Å, and the detector angles of 0.100.20°.

Data

were

analyzed

using

Fit

2d.

(http://www.esrf.eu/computing/scientific/FIT2D/) Samples were prepared in the
following manner: 20 mg / mL chloroform solutions were for up to 1 hr in inert
atmosphere. Solutions were spun-cast at 1500 rpm for 45 s on plasma-cleaned silicon
substrates to achieve films ca. 120 nm in thickness, after which samples were annealed
at 140 °C for 30 min. GIXRD patterns were recorded using a Smartlab system (Rigaku)
with Cu Kα radiation (λ = 0.15418 nm) and measured in 2θ mode with an incidence
angle of 0.1-0.2°. These samples were prepared in the following manner: 200 nm-thick
patterned ITO-on-glass substrates were sonicated in 5% vol/vol Triton X in water,
water, acetone, and isopropanol, and then UV-ozone cleaned for 10 min. PEDOT:PSS
(Clevios P VP Al 4083) was spin-cast at 4000 rpm for 45 s, then annealed at 120 °C for
10 min. 20 mg / mL solutions of total material (binary or ternary blends) were prepared
at various ratios, then spin-cast and annealed.
A comparison of the WAXS images of P3HT:PDI films is shown in Figure 2.6.
The neat film of PDI displays a sharp intense (100) lamellar peak at q = 0.20 Å-1
corresponding to distance of ca. 3.2 nm, with second and third order peaks at q = 0.40
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Å-1 and q = 0.61 Å-1 respectively. Neat P3HT in turn has a somewhat broader (100)
reflection at q = 0.40 Å-1, corresponding a distance of ca. 1.6 nm, as is typically for the
regio-regular polythiophene.35–37 Upon blending, none of these features are specifically
preserved, as would be expected for a complete lack of material miscibility. With
increasing concentration of PDI, the P3HT feature normal to the plane fades in
intensity, while the PDI feature appears to lose directionality and increases in q-value.
The corresponding spacing decreases to 2.9 nm and 2.7 nm when the ratio of P3HT:PDI
is changed to 1:4 and 1:1 respectively. These results seem indicate that indeed a mixed
phase has formed between the two materials, as evidenced by the DSC data in Section
2.2.2.

Figure 2.6. Comparison of observable features in grazing-incidence wide angle X-ray
scattering images of films composed of neat small molecule PDI (left), a 1:4 by weight
blend of P3HT and PDI (left middle), a 1:1 by weight blend of P3HT and PDI (right
middle), and neat P3HT (right). Films were deposited from chloroform solutions at
1500 rpm for 45 seconds.
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Grazing-incidence X-ray diffraction (GIXRD) of films processed in the same
manner as the OPV devices in Figure 2.7 demonstrated consistent strong peaks related
to the (100) lamellar packing of P3HT at 5.6º (ca. 1.6 nm) with second and third order
diffraction peaks. However in P3HT:PDI films, the PDI (100) peak at ca. 3.0º (ca. 3.0
nm) however is much broader and weaker than as seen in neat films. Addition of
Polymer PDI resulted in a further reduction of the small molecule crystallization peak,
possibly indicating an interacting phase of the two acceptors that is more amorphous in
nature. The neat polymer does not display a diffraction peak and, consistent with to its
lack of thermal transitions as observed by differential scanning calorimetry, is most
likely a rather amorphous material itself. Use of lower volatility solvents results in a
disappearance of the P3HT stacking features, even with annealing, which is likely
responsible for their poor performance (see Section 2.2.5). The lower order observed
for the P3HT:PDI films in Figure 2.6 is related to this, as those films were prepared
from chloroform.
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Figure 2.7. X-ray diffraction of organic photovoltaic cells prepared at the Wright
Patterson Air Force Base with active layers deposited from o-dichlorobenzene. The
diffraction peaks of PDI and P3HT appear at ca. 3.0º and 5.6º respectively; Polymer
PDI does not exhibit any peaks in the region observed.

2.2.5 Organic Photovoltaic Devices
An in-depth discussion of organic photovoltaics theory and general processing
procedures was given in Chapter 1. For the study in this chapter, photovoltaic devices
were fabricated in the Solid State Device Laboratory at the Georgia Institute of
Technology. 200 nm-thick patterned ITO-on-glass substrates were sonicated in 5%
vol/vol Triton X in water, water, acetone, and isopropanol, and then UV-ozone cleaned
for 10 min. PEDOT:PSS (Clevios P VP Al 4083) was spin-cast at 4000 rpm for 45 s,
then annealed at 120 °C for 10 min. 20 mg / mL solutions of total material (binary or
ternary blends) were prepared at various ratios, then spin-cast and annealed. 20 nm Ca
and 100 nm Al were deposited above the active layer by thermal evaporation.
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Devices prepared from P3HT:PDI blends gave performances consistently
below 0.1% PCE, so the initial focus became to optimize P3HT:Polymer PDI OPVs.
Previously, when blended with a bi(thienylenevinylene)-substituted polythiophene
donor, Polymer PDI-based active layers gave OPV PCEs of over 1%.21 Devices of
ITO/PEDOT:PSS/P3HT:Polymer PDI/Ca/Al were optimized up to comparable values
of ca. 0.7% PCE, with a 3:2 mass ratio, 120 nm thickness, o-dichlorobenzene solvent,
and 140 ºC annealing for 45 min. Using this system as a reference, the polymer acceptor
was gradually substituted with PDI, as a percentage of the total acceptor mass, shown
in Figure 2.8. It was observed that the presence of the small molecule perylene
derivative resulted in a rapid and steady decline of the VOC and the fill factor, and began
to adversely affect the current density at more substantial percentages. The open-circuit
voltage decreases by 100, 220, and 250 mV for 5, 7.5 and 10 % incorporation of the
small molecular into the total acceptor mass. The fill factor decreases from 55 to 38%
overall. This large change is surprising, considering that it is a very small portion of the
overall weight. Additionally, devices fabricated using a higher molecular weight P3HT
and processed in the same way gave lower control PCEs and a short circuit current
density increase at 5% and 10% addition of PDI, but still resulted in open-circuit
voltage decreases simultaneously. This indicates that although the incorporation of PDI
into the blend will have morphological effects on the polythiophene donor, these effects
are likely not related to the drop in VOC. A series of devices were also fabricated from
chloroform or chlorobenzene but were much less efficient (<0.2% PCE) than those
from o-dichlorobenzene, even with thermal annealing.
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Figure 2.8. J-V curves demonstrating the decrease in performance due to PDI addition
to photovoltaic devices of 3:2 P3HT:Polymer PDI.

Table 2.1. Device performance values of 3:2 P3HT:Polymer PDI devices with
percentages of PDI addition by total acceptor mass.
Content PDI

JSC (mA/cm2)

VOC (V)

FF (%)

PCE (%)

0%

2.2 ± 0.1

0.53 ± 0.01

55 ± 1

0.65 ± 0.03

5%

2.1 ± 0.1

0.43 ± 0.02

44 ± 1

0.39 ± 0.01

7.5%

2.0 ± 0.1

0.31 ± 0.01

39 ± 1

0.24 ± 0.01

10%

1.6 ± 0.1

0.28 ± 0.01

38 ± 2

0.17 ± 0.01

2.2.6 Atomic Force Microscopy
An in-depth discussion of atomic force microscopy (AFM) relating to organic
photovoltaic devices was given in Chapter 1. For the work in this chapter, AFM was
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conducted on a Bruker Dimension Icon in tapping mode, using Bruker RTESP-150
antimony-doped silicon tips, and analyzed with Gwyddion SPM analysis software. 20
mg / mL o-dichlorobenzene solutions were spin-cast at 1000 rpm for 60 s on UV-ozone
cleaned ITO substrates to give ca. 120 nm films. Samples were prepared under
conditions similar to those used for OPV fabrication: 200 nm-thick patterned ITO-onglass substrates were sonicated in 5% vol/vol Triton X in water, water, acetone, and
isopropanol, and then UV-ozone cleaned for 10 min. PEDOT:PSS (Clevios P VP Al
4083) was spin-cast at 4000 rpm for 45 s, then annealed at 120 °C for 10 min. 20 mg /
mL solutions of total material (binary or ternary blends) were prepared at various ratios,
then spin-cast and annealed.
When observed by AFM, many of the binary and ternary blend films appear
similar exhibiting lateral topographical features with dimensions of ca. 30 nm
indicating a relatively smooth film, yet the phase scans, shown in Figure 2.9, are quite
distinct. These images represent shifts in the oscillation of the cantilever caused by
energy dissipation due to variations in mechanical compliance, which can be affected
by the composition, friction, adhesiveness and viscoelasticity of the sample, where
large differences can be interpreted as the presence of different materials or, at the very
least, changes in a material's density. For blends of P3HT and PDI, large segregated
phases are observed on the order of hundreds of nanometers, similar to the features
noted in the SEM images in Figure 2.5. However the blends of P3HT:Polymer PDI
display the familiar lamellar order of P3HT, indicating that the donor is pushed to the
surface. Although this is counterintuitive to a good device structure, as the holeextraction layer (PEDOT:PSS) is beneath the film, this is commonly seen on the surface
of efficient P3HT/PC61BM films.38–40 A 1:1:1 ternary blend of the three materials offers
a picture unlike the other two, where the surface is not featureless, but there does not
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seem to be a well-defined difference between donor and acceptor phases. There is also
no lamellar pattern from P3HT, indicating that the presence of PDI is altering the
vertical distribution of the donor and acceptor phases.
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Figure 2.9. Phase atomic force microscopy images of films composed of a 1:1 by weight blend of P3HT and small molecule PDI (left), a 1:1:1 by
weight ternary blend (middle), and a 1:1 by weight blend of P3HT and polymer PDI (right).
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Taking a closer look at the interactions of the two acceptors together in Figure
2.10, AFM topographical scan displayed a transformation from rather smooth neat
films (with slightly larger features in the PDI film) to an emergence of a rather rough
surface, with what appear to be thin, sub-micron, plate-like features piled in levels.
However, upon annealing the film at temperatures similar to those used in photovoltaic
devices (140 ºC), a completely new image came into formation. The film now appeared
very smooth, without discernible features, as though the materials had reached a very
homogenous mixture. This could point to a thermal acceleration of the infusion of PDI
into Polymer PDI to the point that the two form a new phase, as mentioned in Section
2.2.2. If this occurs inside the active layer upon annealing, it could lead to a drastic
change in material properties. It is, however, also possible that the observations in the
AFM originate from complete phase segregation, with one material sitting above the
other due to electrostatic attraction/repulsion from the surface, which might also explain
the pinholes in the annealed film. The small holes in the annealed film could be pinholes
originating from dewetting at the substrate surface, though the AFM tip is unable to
resolve the depth of such small features.
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Figure 2.10. Atomic force microscopy images of a PDI:Polymer PDI film deposited from o-dichlorobenzene. Before annealing (left) the film is
rough and stepped, but afterwards (right) it becomes much smoother.
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This morphological perspective allows for a greater understanding of the
ternary OPV film: after o-dichlorobenzene solvent and thermal annealing, P3HT has
formed neat domains, though some of the material is possibly involved in amorphous
regions with the other acceptors. The thermal treatment has resulted in well-blended
acceptor phases that include both PDI and Polymer PDI, without any of the crystallinity
or short-range order typical to the small molecule.
2.2.7 Electrochemical Thin Film Studies
In order to observe the effects of acceptor blending on the oxidation-reduction
(redox) potentials of thin films, electrochemical measurements, more specifically cyclic
and square-wave voltammetry, were performed on films cast on ITO/glass substrates.
In general, electrochemistry describes the study of chemical reactions – which can be
simple 1e-transfer reactions or more complex processes induced by electron-transfer –
that occur on the interface between a biased electrode and an ionic conductor, which is
often an electrolyte-populated solution. Determination of a material’s electrochemical
potentials relative to a given reference electrode, in solid-state or in solution, can be
achieved with a potentiodynamic electrochemical measurement, such as cyclic
voltammetry. The first oxidation and reduction potentials can then be used to estimate
the solid-state ionization energies and electron affinities, respectively, relevant to
organic electronics using the absolute potential of the reference system (although this
is challenging to accurately determine) and making assumptions regarding the
differences between solvation energies and solid-state polarization energies.
Attempts to understand the relationship between chemical reactions and
electricity were first proposed by Luigi Galvani in 1791, when he sought to explain the
effect of electricity on biological life forms, namely on nerves and muscles. 41 Soon
after, the processes of electroplating and the electrolytic decomposition of water were
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discovered by William Nicholson and Johann Wilhelm Ritter.42 This work led to a
number of developments over the next two centuries, including Michael Faraday’s laws
of electrochemistry, the development of the first fuel cell by William Grove in 1839,
and the modern understanding of ionic disassociation and acid/base behavior from the
work of Svante Arrhenius and Johannes Nicolaus Brønstead and Martin Lowry
respectively.43,44
In cyclic voltammetry experiments, a cell will have three electrodes: the
working electrode, at which the oxidation or reduction to be studied occurs at the
appropriate bias, the counter electrode, which opposes the working electrode to
maintain charge balance, and the reference electrode, of which the potential is known,
but through which current does not flow. These electrodes are immersed in an
electrolyte solution, ensuring conductivity, and the analyte, the material to be studied,
is either co-dissolved in the solution or coated upon the working electrode. The bias
between the working and reference electrodes is linearly scanned over time in a cyclical
pattern, while the current between the working and counter electrodes is observed. For
example, as a cathodic potential is applied, the reduction of the analyte will be evident
in an increase of the current up to the reduction potential, after which the current will
decrease as non-reduced species are fully consumed. Now sweeping the potential back
in the opposite direction will result in an oxidation peak (with opposing current flow)
assuming the reaction is reversible.
Electrochemical techniques on organic thin films to study solid-state redox
potentials and electrochemical gaps has been applied extensively in work related to
organic electronics, especially on blended materials.45–48 Though electrolyte diffusion
has the potential to distort I-V curve shapes, redox onsets can be compared
qualitatively. In this work, electrochemistry was performed on thin films of the two
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neat acceptors, and films of the two blended at 50:50 by weight, both pre- and postannealing. The solutions containing polymer could be spin-cast on UV-ozone cleaned
ITO without incident, but the solution of PDI in o-dichlorobenzene experienced
substantial dewetting and had to be drop-cast. The films were vacuum dried and, with
minimal

atmospheric

exposure,

placed

in

an

electrolyte

solution

of

tetrabutylammonium hexafluorphosphate in propylene carbonate with a platinum flag
as the counter electrode. The reference electrode used was Ag/AgCl, which was later
calibrated against the ferrocenium / ferrocene couple, allowing determination of the
plotted values. Cyclic voltammetry was performed on each of the films, after which the
results in Figure 2.11 were recorded using squarewave voltammetry, where voltage is
pulsed during each step of a linear sweep to reduce charging current, sweeping from 0
to -1.2 V and back versus the quasi-reference electrode.
An initial observation is that the EA (4.0 eV) of PDI, estimated from the onset
relative to ferrocenium/ferrocene assuming a relation EA = eEred + 4.8 eV, is clearly
lower than that of the Polymer PDI (4.2 eV), so electron transfer from the 1e-reduced
polymer to the PDI is anticipated to be endergonic. Accordingly, Polymer PDI to PDI
electron transfer cannot explain the decrease in the VOC. Exciton transfer between the
two is also ruled out, as blended films of the two acceptors demonstrate
photoluminescence quenching of both chromophores, which is enhanced with
annealing. While the as-cast blended film exhibits an onset similar to the polymer, upon
annealing the film the onset of the first reduction undergoes a cathodic shift by ~ 70
mV. Similar experiments with the pure films did not yield such shifts. This suggests
that, as seen via AFM and DSC, Polymer PDI is being diluted into a more homogeneous
mixture with PDI, in that the electronic interactions between polymers are weakening
and, as such, the LUMO is destabilized. This destabilization of the acceptor LUMO
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could account for the decrease in OPV performance if the charge transport is also being
affected.

Current (A)

6.0x10-4

PDI
Polymer PDI
1:1 Blend
1:1 Blend Annealed

4.0x10-4

2.0x10-4

0.0

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Voltage (V)
Figure 2.11. Square wave voltammetry of films of PDI, Polymer PDI, and a blend of
the two prepared from o-dichlorobenzene, pre- and post-thermal annealing. The step
size was 0.05 V with a current drop of 0.1 mA.

2.2.8 Time-Of-Flight Electron Mobility
The electron mobility in the neat and blended acceptor films was measured by
time-of-flight (TOF) mobility. TOF-type measurements, used for a number of
spectroscopic and spectrometric experiments, record the time required for a particle to
travel a specific distance in a given medium. To determine electron mobility in this
manner, a controlled laser pulse is directed through the transparent electrode of a metalsemiconductor-metal structure, typically at the absorbance peak of the semiconductor.
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When a field is applied, charge carriers of one type, dictated by the applied bias
direction, are swept immediately into the transparent electrode, whereas the charge
carriers of opposite sign must traverse the bulk and are received at the opposing
electrode. The mobility of the latter carriers is estimated as the velocity of the charge
carrier (distance / time), divided by the applied electric field. This type of measurement
has been implemented in organic materials as early as 1960, when the hole mobility of
anthracene crystals was measured,49 and has found extensive use with organic thin films
for electronic applications.50–53
The TOF electron mobility was determined on thick (> 1 µm, exact thicknesses
determined by profilometry) drop-cast films of neat Polymer PDI, and blended films of
the two perylenediimide derivatives, on ITO, annealed under identical conditions to the
OPV devices and capped with silver electrodes. The films were excited through the
transparent electrode @ 600 nm under varying fields; the fit of mobility was
extrapolated to a zero-field value. The hole mobilities of P3HT samples were also
measured to ensure the integrity of the values. This TOF experiment was conducted by
Dr. Christopher Bailey at the Wright Pattern Air Force Base.
The field-effect mobility of Polymer PDI has been reported previously to be 1.3
× 10-2 cm2/(Vs),21 but these techniques differ substantially in terms of the region of
charge transport (bulk vs. channel), the direction of charge transport to the surface
(which will differ if the material is anisotropic) effects of contact resistance, and even
film processing methods, diminishing the reliability of quantitative comparisons. FET
mobility discussions were expanded in Chapter 1. Measured by TOF, neat Polymer PDI
exhibits an impressive zero-field electron mobility of 1.4 × 10-1 cm2/(Vs), but this value
is greatly diminished with very small additions of PDI, reduced by ~20 and 40 times
when, respectively, 7.5% and 15% of the film’s mass is composed of the small
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molecule. Neat PDI was sufficiently not smooth at such thicknesses for meaningful
measurement of TOF mobility. Fits of electron mobilities against electric field are
shown in Figure 2.12. It is apparent that the introduction of PDI into Polymer PDI has
greatly hampered the ability of the material to transport electrons. Consistent with the
LUMO destabilization observed in electrochemical data in the previous section, the
disruption of Polymer PDI interchain interactions by PDI has the potential to decrease
interchain mobility; together this can account for the performance losses in OPV
devices. As a note, negative mobility dependence on electric field has been explained
in the past as the result of substantial spatial disorder in polythiophene films, and could
perhaps be related to the drop-casting method of deposition.54–56
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Figure 2.12. Time-of-flight carrier mobility of thick films of PDI, Polymer PDI, and
P3HT, fitted to a zero-field value. This TOF experiment was conducted by Dr.
Christopher Bailey at the Wright Pattern Air Force Base.

Table 2.2. Calculated charge mobilities of thick films of PDI, Polymer PDI, and P3HT,
fitted to a zero-field value. P3HT films were cast from both chlorobenzene (a) and
chloroform (b).
Material

Film Thickness (µm)

Mobility (cm2/(Vs))
@ 0 V/cm

Polymer PDI

16

1.4 × 10-1

Polymer PDI + 7.5% PDI

13

7.4 × 10-3

Polymer PDI + 15% PDI

17

3.7 × 10-3

P3HTa

0.69

2.2 × 10-4

P3HTb

1.2

6.5 × 10-5
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2.3

Conclusion

Ternary organic photovoltaic devices were prepared using P3HT, smallmolecule PDI, and Polymer PDI. Incorporation of PDI into optimized P3HT:Polymer
PDI devices leads to reduction in device performance via open-circuit voltage and fill
factor. In order to better understand the reason for the drop in VOC observed in these
ternary blends, a morphological study was conducted with atomic force microscopy,
differential scanning calorimetry, and X-ray diffraction. These studies offered evidence
that PDI and Polymer PDI, originally chosen for their miscibility, were blending
together to form a new phase. Square wave voltammetry demonstrated that the electron
affinity of the polymer is greater than that of the small molecule, ruling out a cascading
electron transfer to the small molecule. Also observed was that the blend shared a first
reduction onset with the pure polymer, but annealing the film resulted in a cathodic
shift of this onset, which could be due to the interruption of Polymer PDI's
intermolecular electronic coupling. This is difficult to confirm due to the lack of thermal
and diffractive features in the blended films and films of the pure polymer, but a
significant drop in the charge mobility of the acceptor phase was confirmed using TOF
mobility. While it also might be possible that the materials phase segregate upon
annealing, this would not coincide with the TOF trends. A possible representation of
the blended environment, based on the AFM, DSC and WAXS results, is shown in
Figure 2.13.
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Figure 2.13. Hypothetical representation of the blended PDI and Polymer PDI phases
surrounded by P3HT domains.

These findings can account for the drop in the open-circuit voltage observed in
the ternary blends, as VOC is affected not only by the EA of the acceptor and the IE of
the donor, but on a number of properties that determine the carrier
generation/recombination rate at the donor/acceptor interface, as discussed in Chapter
1. While efficient charge separation in P3HT:PDI blends has been established by
Shoaee et al.,19 similar experiments have not been performed for the other materials in
this series, and the blending of acceptors could have an unforeseen effect on charge
transport, facilitating a recombination process. As many materials applied in organic
photovoltaics today have very limited short-range order, an understanding of the
properties of blended amorphous phases could eventually lead to enhancements in
material properties.
Greater morphological control of bulk heterojunction films through the use of
ternary blend systems could open up the idea of multi-acceptor systems. This approach

108

could be carried over to other blends that are known to suffer from bimolecular
recombination due to insufficient electron transport or to morphological complications.
With newly accessible materials, some with possibly superior light-harvesting or
charge-separating qualities, OPV cells with greater power conversion efficiencies can
be manufactured. Exploration of these systems could also possibly provide a channel
by which to lower our reliance on the morphological crutch provided by the expensive
fullerene derivatives. Going further, different materials with alternative properties
could be used to maximize the efficiency of separate processes: for example one
acceptor species that interacts well with the donor and is effective at charge separation
transfers the electron to another acceptor species with larger phase domains, higher
electron mobility, and a lesser interaction with the donor.
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ULTRA-LOW P-DOPING OF POLY(3HEXYLTHIOPHENE) AND ITS IMPACT ON POLYMER
AGGREGATION AND PHOTOVOLTAIC PERFORMANCE

3.1

Introduction

3.1.1 Origins of Electrical Doping
The effects of electrical dopants in semiconducting materials have been studied
since the late 19th century, when photoconductivity was first observed in selenium wires
by Willoughby Smith,1 after which it was speculated by Shelford Bidwell that the
semiconductor’s properties may be due to impurities introduced during material
processing, rather than intrinsic behavior of the selenium.2 Following this claim he
constructed cells of sulfur with intentionally added silver and observed a similar
photoconductivity effect, demonstrating that this concept of impurity inclusion had the
potential to be applied to multiple material systems.
The process of doping was not effectively developed until 1950, when John R.
Woodyard filed a patent regarding the preparation of a unidirectionally conducting
germanium alloy containing up to 1% of phosphorus.3 At around the same time, Sparks
et al. at Bell Laboratories described the immersion of n-type germanium single crystals
in a gallium-doped, p-type germanium melt to create a junction.4 From here originates
the classic example of semiconductor doping that is a silicon p-n junction: a boundary
at the interface of p-type, where electron acceptors such as boron are included in the
silicon lattice to form positive holes in the valence band, and n-type silicon, where
electron donors such as phosphorus are introduced that contribute negative electrons to
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the conduction band, inside a semiconductor, a discovery credited to Russell Ohl. 5,6
The formed junction is an essential component of many classes of semiconductor
electronic devices including diodes, transistors, and solar cells.

Figure 3.1. The introduction of dopants into a semiconductor can result in a shift in the
Fermi level energy and the contribution of carriers to a charge transport band, the carrier
sign and specific band dependent upon the type of dopant used.

3.1.2 Electrical Doping in Organic Semiconductors
Electrical doping can also be extended to organic semiconductors, albeit
through different processes. Two primary methods, electrochemical and chemical
doping, both involve redox processes. In electrochemical doping, the organic material
is coated on an electrode and suspended in an electrolyte solution, along with discrete
counter and reference electrodes, where an applied potential difference causes
oxidation or reduction of the material balanced by counter ion diffusion, achieving nor p-doping.7,8 Chemical doping involves exposing the semiconductor to oxidants or
reductants, which can be elemental molecules, such as oxygen or bromine, alkali metals
or, more recently, redox-active small molecules. As opposed to pure inorganic
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semiconductors, where dopant loading is typically rather low (ca. 10-2-10-3 at. %),
organic semiconductor doping generally must carried out with moderate to high dopant
loadings (> ca. 1 mol. or wt. %) due to higher impurity concentrations and structural
disorder in order to significantly shift the Fermi level and thus reduce carrier-injection
barriers, and/or to improve conductivity (σ) by adding “free” carriers to the transport
levels. Although these effects are useful for applications such as hole-extraction layers
for OPVs and for reducing contact resistance in OFETs,9,10 high levels of doping are
unsuitable for the channel of OFETs, where they can reduce the current on/off ratio and
for the active layer of OPVs, where high conductivity materials can decrease shunt
resistance and eventually result in shorting between electrodes.11–13
3.1.3 Electrical Doping for Trap Passivation
As was discussed in Chapter 1, organic semiconductors have inherent trap, or
gap, states due to structural/morphological imperfections and irregularities14–16 or to
impurities originating from synthetic or material processing.17–19 Doping with very low
loading of dopants (or use of dopants that are insufficiently strong reductants or
oxidants to introduce free carriers), akin to the concentrations used in inorganic
semiconductors, can potentially also be used to passivate gap states20,21 in organic
semiconductors, i.e. filling electron traps or hole traps with their respective carriers,
without introducing excessive conductivity. Low molecular dopant loading (generally
< ca. 1 wt. %) has been shown to passivate gap states in organic semiconductor films.22–
24

In studies of vacuum co-deposition of C60, the conductivity initially increases in a

superlinear fashion with the loading of n-dopant, but at higher concentrations
approaches a linear dependence; these two regimes of dopant loading dependence have
been assigned to filling of trap states and free carrier contribution to the conduction
band, respectively, and suggest a trap density of 1018-1019 cm-3.22 Channel doping of
118

C60-based OFETs in the trap-filling regime of dopant concentration can be used to
increase the mobility and decrease the threshold voltage without significantly impairing
the current on/off ratio.25 Low loadings of p-dopants have also been applied in the
active layers of bulk heterojunction (BHJ) polymer/fullerene solar cells. p-Doping of
PCPDTBT/PC61BM with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane (F4TCNQ) was found to increase the power conversion efficiency (PCE), mostly due to an
increase in the short-circuit current (JSC), from 3.3% to a maximum value of 3.6% at a
loading of 0.5 wt% with respect to the polymer, with further increases in the dopant
loading leading to a decrease in PCE.26 Low loadings of F4-TCNQ have also been found
to improve the PCE of a variety of other polymer/fullerene blends including
PCDTBT/PC71BM cells, for which the PCE was increased from 6.4 to 7.9%, again
largely as a result of increasing JSC, by use of 0.4 wt. % of the dopant.27
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Figure 3.2. Structures of poly(3-hexylthiophene) and molybdenum tris[1(trifluoromethylcarbonyl)-2-(trifluoromethyl)-ethane-1,2-dithiolene], and a schematic
illustrating passivation of low-density gap states by electron transfer to a p-dopant.

There have been several studies of the effects of low levels of p-doping on BHJ
OPV devices26,27 based on donor-acceptor polymers, yet to our knowledge there are no
studies incorporating solar cells that employ the widely studied OPV material, poly(3hexylthiophene) (P3HT), an important benchmark conjugated polymer widely used in
organic electronics and photovoltaics, in the active layer. In this chapter the effects of
low dopant loading on the electronic and morphological characteristics of P3HT films
and on the device performance of P3HT/PC61BM solar cells are investigated. These
studies

principally

employ

the

molecular

p-dopant

molybdenum

(trifluoromethylcarbonyl)-2-(trifluoromethyl)-ethane-1,2-dithiolene],
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tris[1Mo(tfd-

COCF3)3, with a reduction potential of +0.39 V vs. FeCp2+/0 (estimated EA of ca. 5.7
eV based on photoelectron spectroscopy of a similar dopant),28,29 that has been shown
to p-dope graphene and small-molecule organic semiconductors,30,31 and has sufficient
miscibility with organic solvents and many semiconductor materials to allow for
solution processing.*
To discuss the effects of trap passivation by p-dopants, it is important to
differentiate between ‘trap-filling’ and ‘band-filling’ with respect to charge carriers. An
undoped semiconductor typically has its Fermi level energy near the mid-point between
its valence band and conduction band.32,33 With certain material systems, this level can
be found closer to either valence or conduction band, depending on the distribution of
trap states within the transport gap, as well as the various details of the band structure.34–
37

The density of these states will vary across materials, and for organic polymers, such

as the material in this study, the density of states can be dependent on molecular weight,
crystallinity, and morphology. For a hole-transporting material, the initial addition of

*

Mo(tfd-COCF3)3 exhibits good solubility in various organic solvents; for example, 25 mg mL–1 in

chlorobenzene.28 Hansen solubility parameters (HSP) have been used to predict material miscibility in
OPVs;61 values have previously been reported for P3HT (δD = 18.7 MPa1/2, δP = 1.4 MPa1/2, and δH = 4.5
MPa1/2) and PC61BM (δD = 18.7 MPa1/2, δP = 4.0 MPa1/2, and δH = 6.1 MPa1/2). Using second-order
estimates of the HSP for Mo(tfd-COCF3)3, with approximations for the molybdenum core as well as the
charge distribution in the dithienolene rings, parameters of δD = 26.1 MPa1/2, δP = 4.0 MPa1/2, and δH =
6.1 MPa1/2 were obtained.62 Beyond the rather poor overlap of the dispersion solubility parameters of the
dopant with the semiconducting materials, these HSP suggest better dopant miscibility with the fullerene
than with the polymer. An important limitation of these predictions is that they assume neutral molecules
and do not account for the coulombic attraction between the dopant anions and the doped material.
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p-dopants can extract electrons from the low-density states above the valence band,
moving the Fermi level towards the valence-band edge.20,21 As the dopant loading
increases and localized states have largely been passivated, additional p-dopants will
begin to remove electrons from the hole transport states. As the density of states in a
charge transport band is much higher than that within the gap, a substantially greater
amount of dopant is required to shift the Fermi level or increase the conductivity by a
given magnitude.

3.2

Methods & Results

3.2.1 Conductivity & Mobility Measurements
An in-depth discussion regarding the methodology of conductivity and mobility
(μ) measurements of organic semiconductors was given in Chapter 1. For this chapter,
both σ and μ were measured at the King Abdullah University of Science and
Technology on spun-cast P3HT films containing various loadings of Mo(tfd-COCF3)3,
deposited over plasma-cleaned pre-patterned electrodes (45 nm Au/5 nm ITO) on 230
nm silica over silicon (3 × 1017 cm-3 n-doped) substrates. The conductivity was
estimated using the ohmic (linear) region of the I-V curves between the source and
drain electrodes, converting current to current density using film thickness and channel
width, which in all cases were 50-100 nm and 2 mm respectively, and voltage to field
using channel length, which were 2, 5, 10 or 20 μm. Conductivities measured at all four
channel lengths gave similar values, indicating that contact resistance is negligible
relative to film resistance. σ values are average across at least 8 pixels from all four
channel lengths. Mobility values were measured in a field-effect transistor (FET)
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format using an EP4 cascade microtech probe station & a Keithley 2400 source meter.
Mobilities were determined by fitting the slope (m) of ID1/2-VGS in the saturation regime
by the expression 𝜇 = 2𝐿𝑚2 ⁄𝑊𝐶𝑖 , where L and W are the length and width of the
channel, and Ci is the geometric capacitance of the gate dielectric, which is ca. 15
nF/cm2 for the 230 nm silica over silicon (3 × 1017 cm-3 n-doped) substrates used in this
work.38 Thicknesses were determined using a Dektak 150 profilometer. Doped
solutions were pre-mixed by adding small volumes of 0.1 or 1 mg / mL Mo(tfdCOCF3)3 solutions to 15-25 mg / mL P3HT chlorobenzene solutions and stirring for up
to an hour in inert atmosphere. Solutions were spun-cast at 1000-1500 rpm for 60 s to
achieve films between 50-100 nm in thickness, after which samples were dried in
vacuum (~10-6 Torr) and then possibly annealed at 120 °C for 30 min. Besides substrate
cleaning, all processing steps and device testing were performed in an inert atmosphere.
The fitted σ values for pristine & annealed films are plotted in Figure 3.3 against
their wt. % dopant. Weight percent has been used in previous studies with polymers,
which is preferred over mol. % due to variations in polymer molecular weight and
polydispersity. For means of conversion, 1 wt. % dopant is equivalent to 1 dopant
molecule for every 511 P3HT monomer units.
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Figure 3.3. Conductivity trends of P3HT thin films doped with 0.0001 to 1% Mo(tfdCOCF3)3. The undoped value is shown as a dotted line.

The evolution of the conductivity with increasing dopant concentration reveals
a more complex progression for this material system than was observed in fullerene22
or N-220039 systems n-doped over many orders of magnitude. The measured σ value
of the undoped P3HT thin film was 1.4 × 10–5 S cm-1, in good agreement with literature
values.9 This is generally reduced for very low concentrations of p-dopant, decreasing
to 2.6 × 10–7 S cm-1 at 10–3 wt. % dopant. This change is attributed to alterations in the
P3HT order upon the introduction of the small molecules into the film (vide infra).
Similar trends have been seen for the lowest doping concentrations of F4-TCNQ in
P3HT.40 This regime of reduced conductivity is followed by a sharp increase in σ as the
doping level is increased to ca. 0.01 wt. %; this effect is attributed to the ultra-low
doping, trap-filling regime, although this increase is largely the recovery of
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conductivities comparable with those of undoped films. The further increase at higher
levels is more gradual, suggesting valence-band filling.
Though they exhibit reasonable hole mobilities, P3HT OFETs prepared from
chlorobenzene exhibit hysteresis, which manifests in poor overlap in forward and
reverse traces as well as unreliable threshold voltages (VTh) and poor on/off ratios, as
shown in Figure 3.4. These effects may be particular to the solvent chosen and the
processing methods, as has been explored by Cheng et al.41 Chlorobenzene is not
popularly used in P3HT FETs, but was nevertheless used here for consistency with the
bulk heterojunction solar cell work, which is the central theme of this study.

Drain Current (A)
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10-6

10-7

-100

-50
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50

100

Gate Voltage (V)
Figure 3.4. An example of hysteresis in P3HT FETs deposited from chlorobenzene.

FET hole mobilities calculated from forward gate sweeps (+ to -) are given in
Figure 3.5 and Table 3.1. From the μ data, the improvements in the conductivity are
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presumably largely attributable to an increase in the number of charge carriers.
Certainly the field-effect mobility is rather invariant with doping level, as has been
similarly observed for other doped materials;31 however, the mobility under saturation
conditions is likely to be very different to that relevant to the conductivity
measurements since in the former the number of injected carriers, and, therefore,
potentially the extent of trap-filling, greatly exceeds the number of carriers contributed
by the dopants. Changes in the number of free carriers could possibly be resolved in
the behavior of the VTh, but unfortunately these values are not reliable due to hysteresis.
The reduction in on/off ratio observed above 0.01 wt. % is consistent with the increase
in conductivity associated with the band-filling regime of doping. The trends are similar
for pristine and annealed samples.
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Figure 3.5. OFET hole mobility trends of P3HT thin films doped with 0.0001 to 1%
Mo(tfd-COCF3)3, pristine and annealed. The undoped value is indicated by the dotted
line.

Table 3.1. OFET hole mobility values of P3HT thin films doped with 0.0001 to 1%
Mo(tfd-COCF3)3, pristine and annealed. VTh is unreliable due to hysteresis and was not
compared to avoid confusion.
Dopant
μ × 104 (cm2 V-1 s-1 )
Concentration

On/Off

Pristine
Undoped

6.2 ± 0.9

103

0.0001%

9.7 ± 1.7

103

0.0002%

10.9 ± 1.2

103

0.0005%

6.0 ± 0.3

104

0.001%

5.4 ± 0.8

104

0.002%

5.3 ± 1.0

105
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0.005%

5.0 ± 0.7

105

0.01%

9.1 ± 1.8

103

0.02%

14.9 ± 1.5

102

0.05%

8.1 ± 3.4

102

0.1%

7.9 ± 3.1

101

0.2%

10.8 ± 1.1

102

0.5%

26.0 ± 11.7

102

1.0%

36.4 ± 16.1

101

Undoped

6.8 ± 1.1

103

0.0001%

8.4 ± 2.8

104

0.0002%

15.3 ± 4.9

104

0.0005%

7.4 ± 2.5

104

0.001%

2.9 ± 0.5

104

0.002%

24.7 ± 3.9

105

0.005%

18.3 ± 2.1

105

0.01%

17.3 ± 3.2

103

0.02%

14.0 ± 0.5

103

0.05%

5.7 ± 0.3

103

0.1%

5.2 ± 2.4

103

0.2%

7.2 ± 0.7

102

0.5%

15.1 ± 1.6

101

1.0%

17.2 ± 0.7

101

Annealed

A series of devices were also prepared using toluene as the solvent, as is more
common used in P3HT transistors, μ data for which are shown in Figure 3.6. Although
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the values are in agreement with literature at 1.0 × 10–2 cm2 V-1 s-1 for the undoped
P3HT film,41 there is no significant change or discernable trend across a reasonable
range of dopant loadings.

Hole Mobility (cm2/(V*s))

10-1

10-2

10-3

10-3

10-2

10-1

Weight Percent Dopant (%)
Figure 3.6. OFET hole mobility trends of P3HT thin films prepared from toluene, doped
with 0.001 to 0.1% Mo(tfd-COCF3)3.

3.2.2 Ultra-violet Photoelectron Spectroscopy
A detailed discussion of photoelectron spectroscopy was given in Chapter 1.
For this chapter, ultra-violet photoelectron spectroscopy was performed at the King
Abdullah University of Science and Technology in an ultra-high vacuum environment
with a SPHERA U7 hemispherical energy analyzer (Omicron Nanotechnology),
employing a 5 eV pass energy and 0.05 eV step size. Doped solutions were pre-mixed
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by adding small volumes of 0.01 or 0.1 mg / mL Mo(tfd-COCF3)3 solutions to 5 mg /
mL P3HT chlorobenzene solutions and stirring for up to 1 h in inert atmosphere.
Solutions were spin-cast at 1000 rpm for 60 s to achieve films ca. 20 nm in thickness,
after which samples were dried in vacuum (~10-6 Torr) and then annealed at 120 °C for
30 min. Besides substrate cleaning, all processing steps and device testing were
performed in an inert atmosphere or vacuum, including transfer from the glovebox to
the ultra-high vacuum system in a vacuum tube.
The work function (Φ) and ionization energies (IE) of doped P3HT films show
evidence of trends that can be related to those in conductivity, as seen in Figure 3.7.
The undoped P3HT film exhibited a Φ and IE of 3.83 ± 0.02 eV and 4.54 ± 0.03 eV
respectively, indicating that the onset of the valence band lies ca. 0.71 eV below the
Fermi level, in agreement with literature values.42,43 The lowest doping concentrations
result in a lower Φ than undoped P3HT, so that the valence band lies up to ca. 0.83 eV
away from the Fermi level, in contrast to the expected effect of p-doping, but consistent
with the decrease in conductivity seen in this doping regime, which could be due to
morphological effects. It can be considered that the lowest concentrations of p-dopants
might not effectively lead to a shift in the Fermi level due to a high population of deep
trap states as observed by Tietze et al.44 Then as the dopant loading is increased further,
the Φ steadily increases until about 0.01 wt. % dopant after which it increases more
gradually, the difference between the IE and Φ decreasing in much the same way.
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Figure 3.7. (left) Tabulated work functions and ionization energies of P3HT films doped at ultra-low concentrations. Undoped values are indicated
by dotted lines. (right) Semi-logarithmic plots of the evolution of the work function and the valence band/Fermi level difference at ultra-low doping
concentrations. The linear plots are guides to highlight the presence of two doping regimes.
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Figure 3.8 displays a high-resolution scan of the area between the valence band
and the Fermi level acquired using decreased step size and lengthened exposure
periods. These spectra were adjusted to remove higher kinetic energy satellite features,
baseline subtracted, intensity normalized to the main valence-band feature, and
smoothed. The corrected spectra reveal the presence of a low, but non-zero, densityof-states extending across the energy range between the Fermi level and the valence
band maximum. In the region corresponding to ultra-low doping, 0.001 to 0.1% dopant
by weight, this feature undergoes a reduction in intensity, which could be indicative of
trap-state passivation and changes in the energy distribution of the remaining traps.
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Figure 3.8. He(I) UPS spectra showing the region between the valence-band onset and
the Fermi level.

132

3.2.3 Organic Photovoltaic Devices
An in-depth discussion of organic photovoltaics theory and general processing
procedures was given in Chapter 1. For the study in this chapter, photovoltaic devices
were fabricated at the King Abdullah University of Science and Technology. 200 nmthick patterned ITO-on-glass substrates were sonicated in sodium dodecyl sulfate
solution, water, acetone, and isopropanol, and then UV-ozone cleaned for 10 min. An
80% ethoxylated polyethylenimine (PEIE) solution (0.4 wt. % in ethanolamine; Sigma
Aldrich) was spin-cast at 4000 rpm for 30 s, then annealed at 120 °C for 10 min. 20 mg
/ mL chlorobenzene solutions (5:4 wt/wt P3HT/PC61BM) were spun-cast at 1000 rpm
for 60 s to give ~120 nm films. Doped solutions were made by adding small volumes
of 0.1 or 1 mg / mL Mo(tfd-COCF3)3 solutions to 20 mg/mL P3HT solutions and
stirring for up to 1 h, before adding PC61BM solutions. Films were thermally annealed
at 120 °C for 30 min. 15 nm MoO3 and 80 nm Ag were deposited above the active layer
by thermal evaporation.
In previous studies in which BHJ polymer/fullerene solar cells have been pdoped, PCEs have been increased at dopant levels of up to 0.4-0.5 wt%.26,27 In the
present

system,

however,

doping

of

the

active

layer

of

ITO/PEIE/P3HT:PC61BM/MoO3/Ag OPVs with Mo(tfd-COCF3)3 results in a decrease
in performance for all doping levels examined, largely through a drop in the fill factor
as displayed in Figure 3.9 and Table 3.2. Even for the lowest concentrations at which
we anticipate gap-state passivation, the values of JSC, VOC, and FF decrease sharply
relative to the pristine sample. Such drops in FF and VOC may be an indication of
increased recombination. At dopant concentrations of 0.005 to 0.01 wt. %, at which
we anticipate the most efficient trap passivation, without significant contribution of
charge carriers, there is a slight increase in JSC, although this effect cannot be
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unambiguously attributed to trap passivation and at no point do efficiencies exceed the
values for pristine samples. The fill factor proceeds to drop at higher doping levels, as
charges are extracted from the valence band, and the curves develop S-shapes indicative
of poor charge extraction.
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Figure 3.9. J-V curves for ITO/PEIE/P3HT/PC61BM/MoO3/Ag devices p-doped with
Mo(tfd-COCF3)3 at concentrations corresponding to the sub-band-emptying regime.

Table 3.2. OPV performance values for ITO/PEIE/P3HT/PC61BM/MoO3/Ag devices
p-doped with Mo(tfd-COCF3)3 at concentrations corresponding to the sub-bandemptying regime.
Dopant
JSC
VOC (V)
2
Concentration (mA/cm )

FF (%)

PCE (%)

Undoped

7.6 ± 0.1

0.56 ± 0.02 61 ± 1

2.7 ± 0.1

0.001%

7.4 ± 0.1

0.46 ± 0.02 46 ± 1

1.6 ± 0.1
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0.002%

6.8 ± 0.2

0.41 ± 0.02 43 ± 3

1.2 ± 0.1

0.005%

7.8 ± 0.1

0.47 ± 0.02 49 ± 3

1.8 ± 0.1

0.01%

7.7 ± 0.3

0.47 ± 0.02 39 ± 1

1.4 ± 0.1

0.02%

7.7 ± 0.1

0.47 ± 0.01 35 ± 2

1.3 ± 0.1

0.05%

7.1 ± 0.1

0.43 ± 0.01 35 ± 0

1.1 ± 0.0

0.1%

7.1 ± 0.1

0.43 ± 0.01 34 ± 3

1.0 ± 0.1

3.2.4 Transmission Electron Microscopy
Similar to scanning electron microscopy, which was discussed in Chapter 2,
transmission electron microscopy (TEM), developed by Max Knoll and Ernst Ruska in
1931, is a technique by which a focused stream of electrons is transmitted through a
thin film or sample, allowing for microscopy images at a considerably higher resolution
than microscopes employing light due to the small de Broglie wavelength of
electrons.45 The maximum resolution achievable for a typical optical microscope, d, is
given by:
𝑑=

𝜆
2𝑛 sin 𝜃

Equation 3.1

λ is the photon wavelength, n is the index of refraction of the lens, and θ is half
of the angle of the incoming cone of light. In TEM, the wave-like properties of electrons
allow their use in an analogous manner to a beam of electromagnetic radiation, where
the de Broglie wavelength is dependent on the kinetic energy of the electrons.
Accounting for relativistic effects as the electrons approach the speed of light (c), the
wavelength of the electrons (λe) is given by:
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ℎ

𝜆𝑒 ≈

√2𝑚0 𝐸 (1 +

Equation 3.2
𝐸
)
2𝑚0 𝑐 2

where h is Planck’s constant, m0 is an electron’s invariant mass, and E is the kinetic
energy of the electrons.45 Electrons are generated by thermonic or field electron
emission, accelerated by an electric field, and focused onto the sample by
electromagnetic or electrostatic lenses. The resulting image, typically recorded on a
ZnS phosphor screen, can contain information relating to electron density and material
phases within the sample.
TEM has been used extensively as a tool to study D/A distribution in
P3HT/fullerene blends, and for shorter polymers chains has been able to identify
lamellar crystallinity.46,47 Samples were prepared in the following manner: Doped
solutions were pre-mixed by adding small volumes of 0.01 or 0.1 mg / mL Mo(tfdCOCF3)3 solutions to 5 mg / mL P3HT chlorobenzene solutions and stirring for up to 1
hr in inert atmosphere. Solutions were spin-cast at 1000 rpm for 60 s on UV ozonecleaned glass substrates (without ITO layer) to achieve films of ca. 20 nm in thickness,
after which samples were dried in vacuum (~10-6 Torr) and then annealed at 120 °C for
30 min. P3HT films were transferred to 3 mm Ni or Cu TEM grids by dipping,
delaminating, and floating the films to the surface of DI water. The grids had a mesh
size of 50 μm. After TEM sample preparation, they were given to Dr. Dalaver Anjum
who performed the experiment on a FEI Titan at the King Abdullah University of
Science and Technology.
Figure 3.10 displays TEM images of P3HT films, which identify the distribution
of the molybdenum atoms of the dopants within the organic phase in more heavily
loaded samples (≥ ca. 1 wt. %), due to observable scattering from high atomic number
elements. At 1% dopant by weight, the lighter features indicate a non-uniform
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distribution of dopants with clusters up to a few nanometers in size. As the loading is
increased to 5 wt. % the dopants are found to have further segregated, clustered into
areas with dimensions of ca. 10 nm.
Energy-dispersive X-ray spectroscopy (EDS) is an analytical measurement that
can be performed simultaneously with TEM in the FEI Titan. Upon contact with the
sample, high kinetic energy electrons from the focused beam can displace electrons
from core levels, forming an electron hole upon ejection. This hole is quickly filled by
an outer shell electron, which can release the excess potential energy in the form of an
X-ray. X-ray energy and intensity are measured by a spectrometer, allowing for
elemental characterization due to the unique X-ray emission spectrum fundamentally
allowed for different atomic structures.48 Figure 3.11 shows EDS obtained when
focusing the electron beam on one of these clusters, identifying the molybdenum Kα
relaxation at 17.4 keV. The uneven distribution at lower doping concentrations could
indicate that the dopants are largely forced out of the crystalline regions of the polymer,
interacting only at phase edges and in the amorphous region. This is in contrast to the
doping of P3HT with the planar dopant F4-TCNQ, where well-blended phases can be
observed at similar dopant loadings.49 The observation of dopant clusters can also
suggest that not all of the dopants inside the cluster are interacting with the polymer,
which could lower doping efficiency and possibly explain the unusual trends in
conductivity and mobility. These clusters may instead be acting as quenching or
recombination sites in the BHJ, explaining the drop in FF.

137

Figure 3.10. Transmission electron microscopy scans of undoped, 1%, and 5% doped P3HT films, spun-cast on UV ozone-cleaned glass then
floated on water and collected on a Ni TEM grid.
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Figure 3.11. Energy dispersive spectrum during transmission electron microscopy, focused on a dopant aggregate inside a 5% p-doped P3HT film.
The molybdenum Kα relaxation is observed at ca. 17.4 keV, the signal from the nickel grid is seen at ca. 7.5 keV, and the remaining elements have
primary relaxation energies at ca. 3.0 eV and below.
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3.2.5 Atomic Force Microscopy
An in-depth discussion of atomic force microscopy (AFM) relating to organic
photovoltaic devices was given in Chapter 1. For the work in this chapter, AFM was
conducted on a Bruker Dimension Icon in tapping mode, using Bruker RTESP-150
antimony-doped silicon tips, and analyzed with Gwyddion SPM analysis software. 20
mg / mL chlorobenzene solutions (5:4 P3HT/PC61BM) were spin-cast at 1000 rpm for
60 s on UV-ozone cleaned ITO substrates to give ca. 120 nm films. Doped solutions
were made by adding small volumes of 0.1 or 1 mg / mL Mo(tfd-COCF3)3 solutions to
20 mg/mL P3HT solutions and stirring for up to 1 hr, before adding PC61BM solutions.
Films were thermally annealed at 120 °C for 30 min.
The surface morphology, as shown in Figure 3.12, while not indicating a
substantial change in the topography, reveals a disruption of the fibrillar morphology,
often observed in the phase scan for P3HT blends47,50, at the surface of the BHJ film in
the presence of the dopant, offering compelling evidence of a dopant-originated effect
on polymer organization. After the inclusion of the p-dopant, the short fibrillar
morphology seen in the undoped material becomes patchy and irregular, suggesting
that the dopant may disrupt the fibril formation near the surface, with dopants either
blocking phase formation or acting as nucleation sites. The surface roughness is
relatively unaffected; root mean squared (RMS) values were 0.47 and 0.40 nm for the
pristine and 0.1 wt. % doped films, respectively.
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Figure 3.12. Atomic force microscopy height scans for pristine and 0.1 wt% Mo(tfd-COCF3)3-doped P3HT thin films, a) and b) respectively. The
phase scans for the same regions are given in c) and d).
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3.2.6 H-Aggregate Modelling of Absorbance Spectra
The UV-vis absorption spectra of P3HT films have been analyzed quantitatively
to look for subtle changes in the local order upon doping. Applying a weakly interacting
H-aggregate model to the absorbance of p-doped P3HT films, the fraction of aggregated
P3HT and the free-exciton bandwidth (W) were estimated at various dopant
concentrations.51 W is related to conjugation length and intrachain order within the
aggregates and can be estimated from the ratio of the 0-0 and 0-1 peak absorbance using
the expression:
2

1 − 0.24𝑊/𝐸𝑝
𝐴0−0
=(
)
𝐴0−1
1 + 0.073𝑊/𝐸𝑝

Equation 3.3

In this case the main intramolecular vibration, Ep, coupled to the electron
transition is assumed to be a C=C symmetric stretch with an energy of ca. 0.18 eV.
Calculated intrachain order and fraction aggregate can be affected by processing
methods such as solvent choice and annealing conditions52,53, and as such can plausibly
be affected by the presence of impurities in the film. Samples were prepared in the
following manner: Doped solutions were pre-mixed by adding small volumes of 0.1 or
1.0 mg / mL Mo(tfd-COCF3)3 solutions to 15 mg / mL P3HT chlorobenzene solutions
and stirring for up to 1 hr in inert atmosphere. Solutions were spin-cast at 1000 rpm for
60 s on UV ozone-cleaned glass substrates (without ITO layer) to achieve films ca. 100
nm in thickness, which were then dried in vacuum (~10-6 Torr) and annealed at 120 °C
for 30 min. Figure 3.13 demonstrates the fitting of the 0-0 to 0-4 absorbance peaks to
the low energy region of the undoped film, up to ~ 2.3 eV, where no contribution from
amorphous polymer is expected, using Gaussian curves to represent each transition.
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Figure 3.13. (left) Free-exciton bandwidth and fraction of aggregates estimated from UV-vis spectra for p-doped films of P3HT. Values for pristine
films are displayed with dotted lines. (right) An example of H-aggregate fitting of the absorption spectrum of an undoped P3HT film.

143

To account for spatially correlated disorder in the film, the 0-0 and 0-1 peaks
are fit to the absorption spectrum and, based on their ratio, the expected intensities of
0-2, 0-3, 0-4 peaks can be predicted in accordance with the Frank-Condon principle.
Fitted values for the fraction of photophysical aggregates, determined by the ratio of
the fitted peaks attributable to aggregated polythiophene over the full integrated
spectrum, and W are given for doped P3HT films in Figure 3.13. Assuming the validity
of the H-aggregate model and that no other factors affect the absorption spectrum,
analysis of the spectra suggests that for low dopant concentration there is a drop in the
aggregate fraction relative to undoped polymer, with the amorphous portion weighted
for its lower oscillator strength. The total aggregated fraction drops by almost 7% at 103

wt. %, coinciding with the decrease in conductivity observed in Figure 3.3, though

the exciton bandwidth of the aggregated portion experiences minimal changes. This can
be attributable to the hypothesis that the interactions of the dopant only take place
within the amorphous regions of the polymer and, at this concentration, the mixing of
the materials results in a decrease of the proportion of ordered phase present. In blends
with F4-TCNQ, incorporation of the dopant into the aggregated P3HT phase has
resulted in an increase in A0-0/A0-1, attributed to longer interaction lengths,54 which is
not observed in our system. At higher concentrations the fraction of aggregate returns
to typical values, while the exciton bandwidth also grows slightly larger than for
pristine values, indicating that it is possible that dopant presence is affecting aggregates
and resulting in a slight decrease in intrachain order, yet it is most likely that most of
the dopant has been pushed out of the polymer phase. A similar trend for annealed
samples is shown in Figure 3.14.
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3.2.7 Grazing-Incidence Wide Angle X-Ray Scattering
A detailed discussion of grazing-incidence wide angle x-ray scattering
(GIWAXS) in BHJ OPV active layers was given in Chapter 1. GIWAXS was conducted
at the EAST – D1 beamline (http://www.chess.cornell.edu/chess/east/D1.htm) at the
Cornell High Energy Synchrotron Source (CHESS) at Cornell University by Dr. Liyang
Yu. The experimental parameters define the sample to detector distance as 100.25 mm,
the X-ray wavelength as 1.155 Å, and the detector angle 0.15°. Data were analyzed
using Fit 2d. (http://www.esrf.eu/computing/scientific/FIT2D/) Samples were prepared
in the following manner: Doped solutions were pre-mixed by adding small volumes of
0.1 or 1.0 mg / mL Mo(tfd-COCF3)3 solutions to 15 mg / mL P3HT chlorobenzene
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solutions and stirring for up to 1 hr in inert atmosphere. Solutions were spun-cast at
1000 rpm for 60 s on plasma-cleaned silicon substrates to achieve films ca. 100 nm in
thickness, after which samples were dried in vacuum (~10-6 Torr) and then annealed at
120 °C for 30 min.
GIWAXS, displayed in Figure 3.15 as 1D q-plots summed across 90° of a 2D
diffraction pattern, supports the absorbance modelling in that, while there appears to be
a general trend of slight lamellar disorder induced by doping apparent in an increase of
d-spacing in diffraction peaks, there is no compelling evidence of interruptions in shortrange order, such as a decrease in integrated peak intensity, that might be expected from
the dopant’s presence primarily in crystalline portions of the polymer. From the pristine
film, the π-stacking peak (010) shifts very slightly from 16.78 to 16.22 nm-1,
corresponding to an increase in d-spacing from 3.74 to 3.87 Å. The lamellar feature
(100) also exhibits a shift from 15.6 to 16.2 Å. These increases in spacing are minor
compared to the disruptions reported upon the incorporation of F4-TCNQ into P3HT
ordered phases, where d-spacings for (010) and (100) reach 4.11 Å and 18.0 Å
respectively.55 The successful blending of F4-TCNQ into the P3HT phase is possibly
due to its planar structure, as opposed to the 3-dimensional structure of Mo(tfdCOCF3)3. An increasing loading of the p-dopant also coincides with a slight decrease
in the intensity of the P3HT (100) peak. As film thicknesses are comparable, this may
indicate a decrease in the lamellar order of P3HT chain packing upon the inclusion of
dopants.
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3.2.8 Rutherford Backscattering
Rutherford backscattering (RBS) spectroscopy is a technique in which
backscattered high-energy ions are analyzed in order to determine elemental
concentration and distribution in solid and gaseous samples, and is so named after Lord
Ernest Rutherford’s contribution to the well-known Geiger-Marsden “gold foil”
experiment which, in 1913, led to a new understanding of atomic structure
incorporating a positively charged nucleus.56,57 RBS of solids involves elastic collisions
between high kinetic energy ions, typically alpha particles, and the stationary nuclei in
the sample. The energy of the backscattered particle (E) is given by:
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𝑚1 cos 𝜃 + √𝑚22 − 𝑚12 (sin 𝜃)2
𝐸 = 𝐸0 (
)
𝑚1 + 𝑚2

2

Equation 3.4

where E0 is the kinetic energy of the incoming alpha particle, m1 and m2 are the masses
of the alpha particle and the stationary nucleus respectively, and θ is the angle of the
scattered alpha particle relative to its incoming path.58 The energy is also lowered
as the ion traverses through a material due to inelastic small-angle scattering off
of electrons, referred to as the stopping power of the material and is typically
proportional to the atomic number of the elements in the sample.58 This allows for
depth determination of elements in a solid sample.
An HRBS-V500 instrument, from Kobel Steel, was operated at the King
Abdullah University of Science & Technology, using a 400 keV alpha-particle beam in
order to move the molybdenum feature into the instrument detector’s range. Samples
were prepared in the following manner: Doped solutions were pre-mixed by adding a
small volume of a 1.0 mg / mL Mo(tfd-COCF3)3 solution to a 15 mg / mL P3HT
chlorobenzene solution and stirring for up to 1 hr in inert atmosphere. Solutions were
spin-cast at 1000 rpm for 60 s on UV-ozone cleaned glass substrates to achieve films
~100 nm in thickness, after which samples were dried in vacuum (~10-6 Torr) and then
annealed at 120 °C for 30 min.
The dopant distribution as a function of depth in a 5 wt % doped film was
investigated with RBS. The heavy molybdenum nucleus allows facile differentiation
of the dopant distribution inside the organic film, as carbon, silicon, oxygen, and even
sulfur scatter at much lower energies, as demonstrated previously by Qi et al, who used
RBS to investigate Mo(tfd)3 as a dopant for α-NPD.59 With an incoming helium particle
beam at 400 keV, the calculated onset of particles scattered from molybdenum at the
surface of the film, at ~ 360 keV, has a very low intensity as seen in Figure 3.16. As
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particles penetrate the depth of a film, they lose energy due to glancing nuclei collisions
(nuclear stopping) and interactions with electrons (electronic stopping) depending on
their velocity and on the density and elemental composition of the film. The energy loss
by unit of depth can be obtained as a product of density and scattering cross-section,
𝜃

2

𝜌 (𝑍1 𝑍2 𝑞 2 ⁄4𝐸𝑠𝑖𝑛2 ( 2)) , where Z1 and Z2 are the atomic numbers of the projectile and
scattering nucleus respectively. For the Molybdenum feature, with decreasing energy
and increasing depth, the feature grows roughly until the calculated organic/glass
interface at ~ 316 keV, suggesting that the dopants are unevenly distributed through the
thickness of the film, with a tendency to settle away from the surface (although
apparently still disrupting the P3HT surface fibril formation, as evidenced by the AFM
phase images in Figure 3.12). Employing a film thickness of 100 nm, the energy of
particles scattered from molybdenum atoms at any depth is calculated to have zero
overlap with other elements in the film, indicating that the present signal intensity is
originating entirely from the presence of the dopant. The build-up at the bottom of the
film could be responsible for the lower fill factors at higher doping concentrations,
arising from surface dipoles between the PEIE and the aggregating p-dopants. The
distribution of fluorine, the other identifying element of the dopant, could not be as
readily established given overlap with the signals from organic/substrate elements.
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3.2.9 Organic Photovoltaic Devices with a Planar Dopant
p-Doping was also carried out with another oxidant, Ni(tfd)2, exhibiting a
comparable reduction potential to Mo(tfd-COCF3)3, the near-planar molecular structure
of which might be anticipated to lead to less disruption of the P3HT film morphology
than occurs with the bulky 3-dimensional molybdenum-based oxidant. Ni(tfd)2 was
introduced in the same manner to P3HT/PC61BM solar cells (see Section 3.2.3). The
resulting trend in Figure 3.17 & Table 3.3 is very similar to that seen using the nonplanar Mo(tfd-COCF3)3 dopant: after an initial drop in FF and JSC, values of these
parameters increase with increasing dopant concentration to reach maxima (still lower
than the values seen for undoped films), as was seen when using the molybdenum
dopant. However, the doping loading at which the FF and JSC appear to recover is
around one order of magnitude lower for Ni(tfd)2 than for the Mo dopant. Though this
dopant has a planar structure, the central Ni atom and tetrahedral –CF3 groups result in
a slightly increased thickness orthogonal to the plane relative to that of F4-TCNQ,
which can possibly prevent their incorporation into P3HT aggregates.
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Table 3.3. OPV performance values of P3HT/PC61BM devices p-doped with Ni(tfd)2.
Dopant
JSC
VOC (V)
Concentration (mA/cm2)

FF (%)

PCE (%)

Undoped

8.7 ± 0.3

0.62 ± 0.01 62 ± 2

3.3 ± 0.2

0.0002%

8.4 ± 0.3

0.62 ± 0.00 48 ± 4

2.5 ± 0.2

0.0005%

8.3 ± 0.3

0.62 ± 0.01 50 ± 2

2.6 ± 0.2

0.001%

8.5 ± 0.4

0.62 ± 0.00 52 ± 4

2.7 ± 0.2

0.002%

8.7 ± 0.4

0.61 ± 0.01 53 ± 1

2.8 ± 0.1

0.005%

8.5 ± 0.2

0.60 ± 0.01 49 ± 2

2.5 ± 0.1

0.01%

7.3 ± 0.6

0.60 ± 0.01 44 ± 4

2.0 ± 0.3
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3.3

Conclusion

The effects of ultra-low p-dopant loading in P3HT thin films were examined by
conductivity & photoelectron spectroscopy experiments; this doping did not lead to an
improvement in the OPV performance of BHJ active layers with PC61BM. TEM, AFM,
UV-vis. absorbance modelling, GIWAXS, and RBS data suggest that the dopant is not
evenly dispersed in the active layer, but is aggregating in amorphous regions with
increasingly large and well-separated aggregates with increasing dopant loading.
Although there appears to be a minor change in the long-range ordering of the P3HT
phase upon introduction of the dopant, as observed by AFM, there is no compelling
evidence of dopant inclusion within the crystalline phase. The non-uniform in-plane
and out-of-plane distribution of the dopants, which results in interruptions in the longrange order of the P3HT phases and possibly manifests itself in over-doped pockets that
increase energetic disorder inside the active layer, have a detrimental effect on the
device performance that overshadows any possible benefit from passivation of the
polymer trap states. In the complex morphologies that occur in OPV bulk
heterojunctions, the use of dopants will lead to additional complications, especially in
well-ordered systems; for this reason, p-doping might be more successful with materials
that have less intricate short-range order than polythiophenes. Such systems are studied
in the next chapter.

3.4

Additional Experimental Information

Poly(3-hexylthiophene-2,5-diyl) (regioregular, Electronic grade 4002-EE) was
purchased from Rieke Metals Inc. PC61BM (ADS61BFA) was purchased from
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American

Dye

Source

Inc.

Molybdenum

tris[1-(trifluoromethylcarbonyl)-2-

(trifluoromethyl)-ethane-1,2-dithiolene]30 and nickel bis[1,2-(trifluoromethyl)-ethane1,2-dithiolene]60 were prepared according to the literature by Yadong Zhang and
Raghunath R. Dasari, respectively.
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ULTRA-LOW P-DOPING OF LOW SHORT-RANGE
ORDER POLYMERS IN EFFICIENT ORGANIC
PHOTOVOLTAICS

4.1

Introduction

4.1.1 Additives in Organic Thin Film Processing
The deposition of organic thin films can be accomplished with a multitude of
different techniques, even when limiting the discussion to solution-processing. The
variation from technique to technique, such as blade-coating, spray-coating, spincoating, etc., as well as the conditions applied has a powerful effect on the drying
dynamics, and ultimately the phase growth and blending, of the dissolved or suspended
materials.1–5 To gain further control over the morphological outcome of these solutionprocessing methods, the use of additive molecules has become common practice.
In the fields of organic electronics, solvent additives have typically been
classified as high-boiling point solvents that are added in small quantities to solutions,
with the ability to alter material miscibility in solution as well as in the solid state,
where the additive remains for a finite duration post-process, depending upon its
volatility.6–10 In organic photovoltaics, additives of this class, such as diiodooctane,
have enabled enhanced customization of domain size and aggregate order in bulk
heterojunctions employing small molecules or polymers, with the goal of optimizing
exciton harvesting and separation.9–12 Other, non-volatile agents, such as insulating
polymers and hydrogen-bonding small molecules, can act as nucleation sites within a
film, directing phase growth.13–15 Ternary blends where one component is added at low
162

concentrations can also be considered a method of additive-based morphological
control, as discussed in Chapter 2. The introduction of new materials into a film, even
in very small amounts, has, more often than not, resulted in a morphological and/or
microstructural change, regardless of intent.
4.1.2 Dopants Acting as Additives in Organic Photovoltaics
Trap states, as discussed in Chapter 3, can result from irregularities in the
morphology that form during material processing16,17 or from impurities introduced in
the processing environment,18–20 and can impede charge transport and increase
recombination in OPV systems. To correct this, low levels of the molecular p-dopant
2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane (F4TCNQ) have been used to
passivate trap states affecting donor polymers in the active layers of solution-processed
polymer/fullerene bulk heterojunctions, observable through an increase in the shortcircuit current density (JSC). p-Doping of PCPDTBT/PC61BM with F4TCNQ was found
to increase the power conversion efficiency from 3.3% to a maximum value of 3.6% at
a loading of 0.5 wt. % with respect to the polymer, via an increase in the JSC from 9.4
to 10.3 mA/cm2, with further increases in the doping level leading to a decrease in
PCE.21 Low levels of F4TCNQ doping have also led to an improvement in the
performance of PCDTBT/PC71BM cells, for which the PCE was increased from 6.4 to
7.9%, again largely as a result of increasing the JSC from 11.0 to 14.0 mA/cm2, by use
of 0.4 wt% of the dopant.22 No drastic effect on the BHJ nanostructure was seen upon
dopant introduction, according to atomic force microscopy and X-ray scattering
experiments.
Despite the publication of these studies regarding the effects of p-doping in bulk
heterojunctions based on donor-acceptor copolymers,21,22 molecular dopants have been
unsuccessful in improving the performance of OPVs employing the widely studied
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homopolymer, poly(3-hexylthiophene) (P3HT), when introduced into the bulk
heterojunction. Studies with F4TNCQ/P3HT blends in literature have shown a distinct
change in P3HT order upon dopant incorporation, including evidence of co-phases of
the two materials.23–26 The work of the previous chapter, employing a non-planar
molybdenum dithiolene derivative as the p-dopant, has also been unsuccessful in
producing improvements in P3HT:PC61BM OPVs due to inhomogeneous distributions
of the dopants in the film, likely resulting from exclusion from the well-ordered
domains during their formation.27 This chapter presents a study of the effects of low
doping levels, using similar dopants, on the electronic and morphological
characteristics

of

the

less-ordered,

high-performance

copolymers

poly(thienothiophene-benzodithiophene) (PTB7) and poly[hepta-decanyl-carbazole(dithienyl-benzothiadiazole)] (PCDTBT), and on the OPV performance of their
respective solar cells with PC71BM, with the goal of completing our understanding of
the activity of these dopants in diverse bulk heterojunction films. We employ the
molecular p-dopants
ethane-1,2-dithiolene],

molybdenum tris[1-(methoxycarbonyl)-2-(trifluoromethyl)Mo(tfd-CO2Me)3,28

and

molybdenum

(trifluoromethylcarbonyl)-2-(trifluoromethyl)-ethane-1,2-dithiolene],

tris[1Mo(tfd-

COCF3)3,29 which have high electron affinities (EA) of 5.2 and 5.4 eV respectively,‡

‡

Mo(tfd-CO2Me)3 and Mo(tfd-COCF3)3 oxidation potentials have estimated in the solution state by

electrochemistry to be + 0.16 V and + 0.39 V vs. ferrocene respectively. As the EA of Mo(tfd-CO2Me)3
has been determined by inverse photoelectron spectroscopy to be 5.2 eV in the solid state, we estimate
the EA of Mo(tfd-COCF3)3 by adding the difference in the oxidation potentials to the value. 52
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have been shown to p-dope graphene and small-molecule organic semiconductors,29,30
and have sufficient miscibility with organic solvents and many semiconductors
materials to allow for solution processing.

IE = 5.1

EA = 5.2

EA = 5.4

IE = 5.4

Figure 4.1. Structures and relevant energy levels of PTB7 (far left), Mo(tfd-CO2Me)3
(middle left), Mo(tfd-COCF3)3 (middle right), and PCDTBT (far right).

4.2

Methods & Results

4.2.1 Conductivity & Mobility Measurements
An in-depth discussion of the methods of conductivity and mobility (μ)
measurements of organic semiconductors was given in Chapter 1. For this chapter, both
σ and μ were measured at the King Abdullah University of Science and Technology on
spun-cast PTB7 and PCDTBT films containing various loadings of Mo(tfd-CO2Me)3
and Mo(tfd-COCF3)3, respectively, deposited over plasma-cleaned pre-patterned
electrodes (45 nm Au/5 nm ITO) on 230 nm silica over silicon (3 × 1017 cm-3 n-doped)
substrates. The conductivity was estimated using the ohmic (linear) region of the I-V
curves between the source and drain electrodes, converting current to current density
using film thickness and channel width, which in all cases were 50-100 nm and 2 mm
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respectively, and voltage to field using channel length, which were 2, 5, 10 or 20 μm.
Conductivities measured at all four channel lengths gave similar values, indicating that
contact resistance is negligible relative to film resistance. σ values are averaged across
at least 8 pixels from all four channel lengths. Thicknesses were determined using a
Dektak 150 profilometer. Doped solutions were pre-mixed by adding small volumes of
0.1 or 1 mg / mL Mo(tfd-CO2Me)3 or Mo(tfd-COCF3)3 solutions to 5 mg / mL PTB7
or PCDTBT chlorobenzene solutions and stirring for up to an hour in inert atmosphere.
Solutions were spun-cast at 1000-1500 rpm for 60 s to achieve films between ca. 50 nm
in thickness, after which samples were dried in vacuum (~10-6 Torr). Besides substrate
cleaning, all processing steps and device testing were performed in an inert atmosphere.
OFET hole mobility was measured with the same devices, but generally
displayed very minor decreases with increasing dopant concentration until 1%, above
which no transistor activity was identified for any of the material/dopant systems.
Mobility values were measured in a bottom-gate field-effect transistor (FET) format
using an EP4 cascade microtech probe station & a Keithley 2400 source meter.
Mobilities were determined by fitting the slope (m) of ID1/2-VGS in the saturation regime
by the expression 𝜇 = 2𝐿𝑚2 ⁄𝑊𝐶𝑖 , where L and W are the length and width of the
channel, and Ci is the geometric capacitance of the gate dielectric, which is ca. 15
nF/cm2 for the 230 nm silica over silicon (3 × 1017 cm-3 n-doped) substrates used in this
work.31 FET hole mobilities for PTB7 are displayed in Figure 4.1 by dopant
concentration.
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Figure 4.2. Hole mobility values of Mo(tfd-CO2Me)3-doped PTB7 upon the
introduction of the p-dopant from concentrations of ca. 0.001 to 1 wt. %. The undoped
value is indicated by the dotted line.

The fitted σ values for PTB7 and PCDTBT films are plotted in Figure 4.2
against their wt. % dopant. Larger increases in conductivity were observed with
different p-dopants for each polymer: Mo(tfd-CO2Me)3 for PTB7 & Mo(tfd-COCF3)3
for PCDTBT. These dopants exhibit estimated electron affinities of 5.2 eV and 5.4 eV
respectively determined electrochemically, which happen to line up well with the
ionization energies of their respective polymers. Doping was implemented in solutions
of the given dopant in chlorobenzene at percentages determined by weight %, as is
convention with polymer doping. 1 wt. % Mo(tfd-CO2Me)3 in PTB7 corresponds to 1
dopant per ca. 98 monomers, and 1 wt. % Mo(tfd-COCF3)3 in PCDTBT corresponds to
1 dopant per ca. 122 monomers.
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Figure 4.3. Conductivity evolutions of Mo(tfd-CO2Me)3-doped PTB7 and Mo(tfdCOCF3)3 PCDTBT upon the introduction of the respective p-dopants down to
concentrations of ca. 0.001 wt. %. The lines are included as a visual guide. The undoped
values are given by dotted lines.

The trends displayed above ca. 0.01 wt. % dopant concentration for both
polymer/dopant systems are different from those that have been observed in other
doped systems, and indicate varied collections of deep and shallow trap states among
the two materials. For the PTB7/Mo(tfd-CO2Me)3 system, following the slight decrease
in conductivity from 1.9 × 10-7 S/cm in the undoped case, in reasonable agreement with
literature,32 to 2.0 × 10-8 S/cm with 0.001 wt. % dopant, there is a gradual increase in σ
with wt. %. This is interrupted by a depression in the slope at loadings between 0.05 to
0.5 wt. %. It is possible that this regime is due to an energetically localized distribution
of trap states above the valence band, which is discussed further below. Following this
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point there is a sharp jump in σ up to 5.5 × 10-4 S/cm at 1 wt. % dopant, leading to a
more gradual increase.
The PCDTBT/Mo(tfd-COCF3)3 system displays a somewhat simpler trend, with
increases in σ from the undoped value of 1.6 × 10-8 S/cm, again in reasonable agreement
with literature,33 up to 0.02 wt. % dopant where a sharper increase to 2.5 × 10-6 S/cm at
0.1 wt. % occurs. From this point there is less pronounced increase in conductivity
growth up to 1 wt. % dopant, with the conductivity increasing to 4.1 × 10-6 S/cm. The
stronger dopant Mo(tfd-COCF3)3 results in much higher conductivities with this
polymer than its lower EA cousin, Mo(tfd-CO2Me)3, when doped to the same content
by weight (see Figure 4.3). This is most likely due to the inability of the weaker dopant
to passivate states or add carriers close to the valence band edge, occurring at ca. 5.4
eV for PCDTBT (Section 4.2.2).
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Figure 4.4. Comparison of the conductivity evolutions of PCDTBT with the p-dopants
Mo(tfd-CO2Me)3 and Mo(tfd-COCF3)3. The lower EA of Mo(tfd-CO2Me)3 restricts its
ability to passivate the traps of the high IE polymer, observable from the very slight
improvement in conductivity. The lines are included as a visual guide. The undoped
value is indicated by the dotted line.

Due to the amorphous nature of these materials, large percentages of dopant
could be added to the film without processability issues (i.e. changes in morphology).
For the PTB7/Mo(tfd-CO2Me)3 system the increase in the conductivity is consistent up
to 30% (see Figure 4.4); its seems possible that doping could continue at higher
concentrations before a drop in performance is observed, although quick inspection of
the 30% film by optical microscopy shows a very small amount of aggregate-like
features beginning to build up, scattered randomly across the film. The average
conductivity for this sample, determined from the Ohmic region of the I-V curve, is
0.015 S/cm, and was checked with 4-point probe to a value of 0.025 S/cm. Note that
this value is not as high as the conductivity observed from a P3HT film doped to 10%
170

by weight with the same dopant by Dai et al.28, however PTB7 displays a greater
versatility, with conductivities ranging across 6 orders of magnitude as the dopant
concentration increases, due to the lower conductivity of the pristine polymer.
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Figure 4.5. Conductivity values of Mo(tfd-CO2Me)3-doped PTB7 upon the introduction
of the p-dopant from concentrations of ca. 0.001 to 30 wt. %. The line is included as a
visual guide. The undoped value is given by a dotted line.

4.2.2 Ultra-violet Photoelectron Spectroscopy
A detailed discussion of photoelectron spectroscopy was given in Chapter 1.
For this chapter, ultra-violet photoelectron spectroscopy (UPS) was performed in the
ultra-high vacuum environment of a Kratos Axis UltraDLD XPS/UPS system at the
Georgia Institute of Technology. All samples were in contact with the detector by a
metallic clip and characterizations were performed at a take-off angle normal to the
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film. Spot size was ca. 110 μm. UPS was acquired at 5 eV pass energy and 0.05 eV step
size. Doped solutions were pre-mixed by adding small volumes of 0.1 or 1 mg / mL
Mo(tfd-CO2Me)3 or Mo(tfd-COCF3)3 solutions to 5 mg / mL PTB7 or PCDTBT
chlorobenzene solutions and stirring for up to an hour in inert atmosphere. ITO-onglass substrates were solvent and plasma-cleaned; solutions were cast at 1500 rpm and
dried in vacuum. Besides substrate cleaning, all processing steps and film testing were
performed in an inert atmosphere or vacuum. The work function is determined by
𝑊𝐹 = ℎ𝑣 − 𝐵𝐸𝑆𝐸𝐸 , where BESEE is binding energy of the secondary electron edge and
hv is the He(I) photon energy (21.22 eV). The ionization energy is determined by 𝐼𝐸 =
𝑊𝐹 + 𝐵𝐸𝑉𝐵𝑀 , where BEVBM is the cutoff of the valence band emission.
The Fermi level energy of an organic semiconductor lies between the valence
band and conduction bands,34,35 but its precise energy with the transport gap has a
strong relationship to the distribution of trap states within this gap.36–39 For polymers,
the densities of such states can be dependent on molecular weight, crystallinity, and
morphology. In hole-transporting materials, p-dopants remove electrons from these
states of varying density above the valence band, which at a certain point can be
observed in the shift of the Fermi level towards the valence-band edge.40,41 Once local
gap states have been passivated, dopants will remove electrons from the band itself. As
the density of states is much higher than that within the gap, a much greater amount of
dopant is required to shift the Fermi level or increase the conductivity by a given
amount.
The work function (Φ) and ionization energy (IE) evolution of doped polymer
films was determined by ultra-violet photoelectron spectroscopy, shown in Figure 4.5.
Pristine PTB7 & PCDTBT, 20 nm films spin-cast from chlorobenzene on UV-Ozone
cleaned ITO, exhibited Φs of 4.31 ± 0.01 eV and 4.39 ± 0.03 eV and IEs of 5.03 ± 0.02
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eV and 5.39 ± 0.02 eV respectively, indicating differing valence band onset energies of
ca. 0.72 eV and 1.00 eV relative to the Fermi level for the two polymers. Doping up to
ca. 0.1 wt. % results in very minor changes in these values for either material system.
However, at higher dopant concentrations the Φ begins to increase rapidly,
corresponding to the features that may be related to trap passivation activity in the
conductivity trends.
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Figure 4.6. Work function and ionization energy evolution of PTB7 (left) and PCDTBT (right) upon the introduction of p-dopants Mo(tfd-CO2Me)3
and Mo(tfd-COCF3)3, respectively, from concentrations of ca. 0.02 to 1 wt. %, determined by UPS. Undoped values are represented by dotted
lines.
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The unchanging Φ at lower dopant concentrations is not necessarily an
indication that no trap passivation is occurring in the regimes below 0.1 wt. %. At these
ultra-low concentrations, the number holes added is presumably very small vs. the
density of allowed states. Tietze et al. have demonstrated, in doped films of pentacene
and ZnPc, that Fermi level energy modulation may only occur once the dopant
concentration has approached the concentration of deep trap states.42 After this point is
reached, there is a transition to a dopant saturation regime, which proceeds with the
passivation of shallow trap states and a rapid increase in Φ. For the present systems,
this regime transition can be related to the depression in the PTB7 conductivity
evolution, where it is possible that a large population of deep traps has been filled, as
well as to the region of higher slope in that of PCDTBT. The difference between the
two material systems could be the result of vastly differing impurities or
morphologically-induced electronic variation.
4.2.3 Organic Photovoltaic Devices
An in-depth discussion of organic photovoltaics theory and general processing
procedures was given in Chapter 1. For the study in this chapter, photovoltaic devices
were fabricated at the King Abdullah University of Science and Technology. 200 nmthick patterned ITO-on-glass substrates were sonicated in sodium dodecyl sulfate
solution, water, acetone, and isopropanol, and then UV-ozone cleaned for 10 min. ZnO
sol-gel was prepared by dissolving zinc acetate dihydrate (Sigma-Aldrich 379786) and
ethanolamine (Sigma-Aldrich 411000) in 2-methoxyethanol (Sigma-Aldrich 284467)
to a concentration of 0.75 M. After hydrolysis in air for ca. 24 h, the solution was spincast onto cleaned ITO surfaces in inert atmosphere, at 3000 rpm for 30 s, then annealed
at 150 °C for 10 min before cooling down to room temperature, yielding a-ZnO films.
The active layer blend solutions were stirred at 60 °C overnight and filtered using PTFE
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0.45 µm filters before spin casting (800 rpm, 45 s and 1000 rpm, 45 s for PTB7 and
PCDTBT donor polymers respectively). For PTB7:PC71BM, BHJs active-layer blend
solutions were obtained by mixing 1:1.5 w/w donor to acceptor ratios in chlorobenzene
(concentration 25 mg/mL) with a 3% volume ratio of DIO. For PCDTBT:PC71BM,
BHJs active-layer blend solutions were obtained by mixing 1:4 w/w donor to acceptor
ratios in 1:3 chlorobenzene/o-dichlorobenzene (concentration 15 mg/mL). Doped
solutions were made by adding small volumes of 0.1 or 1 mg / mL Mo(tfd-CO2Me)3 or
Mo(tfd-COCF3)3 solutions to the respective donor solutions and stirring for up to 1 h,
before blending with PC71BM solutions. Samples were kept in a closed Petri dish for
20 min of solvent annealing after coating the active layer, then transferred into vacuum
chamber (10-7 Torr) for thermal evaporation of MoOx (15 nm) and silver (Ag) (100
nm). To ensure consistent results, each series of devices were fabricated
simultaneously. The active area of the devices was 0.1 cm2. The current density-voltage
characteristics of the photovoltaic cells were measured using a Keithley 2400 under a
simulated AM 1.5G solar irradiation at 100 mW/cm2. The external quantum efficiency
(EQE) was recorded by Oriel Quantum Efficiency Measurement Kit (Newport).
As noted in the previous paragraph, OPV devices incorporating PTB7 &
PCDTBT active layers with PC71BM were doped by adding Mo(tfd-CO2Me)3 and
Mo(tfd-COCF3)3 respectively to the active layer solutions, using polymer:dopant ratios
in proximity to the trap passivation region observed in the conductivity and
photoelectron spectroscopy experiments; results are shown in Figure 4.6 and Table 4.1.
Cells constructed in a typical inverted format, with a layer-by-layer composition of
ITO/a-ZnO/Active Layer/MoO3/Ag, gave efficiencies of 7.7 ± 0.1 and 5.5 ± 0.2 % for
PTB7/PC71BM and PCDTBT/PC71BM devices respectively, which are consistent with
literature values for cells of this type.43,44 Results were taken from over 25 cells from
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multiple substrates in order to ensure the reliability of the observed trends. With both
polymer systems, an indication of reduced recombination is observed as an increase in
the current density, peaking at the point just before the Φ begins to increase rapidly,
which corresponds to the passivation of deep traps and the transition to a dopantsaturated regime, as discussed previously. The greatest increase in JSC is seen with 0.2
wt. % Mo(tfd-CO2Me)3 in PTB7/PC71BM, from 16.4 to 19.9 (20.3 max) mA/cm2, a
~21% boost and the highest JSC value reported for an OPV to date. The JSC of the
PCDTBT/PC71BM also increases, peaking with 0.1 wt. % Mo(tfd-COCF3)3 at 11.1
mA/cm2 from 10.2 mA/cm2. The dopant concentrations for which peak performance is
observed are similar to those seen for F4TCNQ,21,22 and similarly the fill factor (and
measured shunt resistance) decrease quickly at higher dopant concentrations. There
also appears to be a slight decrease in open-circuit voltage as dopant content increases,
around 20 to 30 mV. These decreases in FF and VOC could be due to increased chargecarrier density, which can lead to increased recombination via electron-hole
annihilation and exciton quenching.45 It is clear that while a benefit to the JSC and PCE
was realized, as hole-trapping is reduced and the effective charge transport in the
system is improved, it is balanced with other detrimental recombinative pathways that
are aided by the increased carrier density. It is for this reason that the final increase in
power-conversion efficiency is on the order of ~10% for either system. Another
possibility is that the presence of the dopants has changed the thickness or refractive
index of the film, which could serve to optimize the absorbance of the active layer,
leading to the improvement in the JSC. The thickness changes were determined to be
minimal by profilometry, but refractive indices have not been determined.
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Figure 4.7. J-V curves of p-doped PTB7 (left) and PCDTBT (right) OPV cells with the acceptor PC71BM doped with Mo(tfd-CO2Me)3 and Mo(tfdCOCF3)3, respectively.
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Table 4.1. OPV performance values of p-doped PTB7 (top) and PCDTBT (bottom)
cells with the acceptor PC71BM doped with Mo(tfd-CO2Me)3 and Mo(tfd-COCF3)3,
respectively. Averages are from over 25 cells.
Dopant
JSC
VOC (V)
FF (%)
Concentration (mA/cm2)
PTB7/PC71BM Doping with Mo(tfd-CO2Me)3

PCE (%)

Undoped

16.4 ± 0.1

0.73 ± 0.01

64 ± 1

7.7 ± 0.1

0.1 wt. %

18.8 ± 0.4

0.72 ± 0.01

59 ± 0

8.0 ± 0.1

0.2 wt. %

19.9 ± 0.4

0.72 ± 0.00

58 ± 1

8.4 ± 0.1

1.0 wt. %

18.0 ± 0.6

0.71 ± 0.01

53 ± 1

6.9 ± 0.2

PCDTBT/PC71BM Doping with Mo(tfd-COCF3)3
Undoped

10.2 ± 0.2

0.88 ± 0.01

61 ± 1

5.5 ± 0.2

0.05 wt. %

10.2 ± 0.2

0.86 ± 0.00

64 ± 0

5.6 ± 0.1

0.1 wt. %

11.1 ± 0.3

0.86 ± 0.01

62 ± 1

6.0 ± 0.2

1.0 wt. %

9.9 ± 0.4

0.85 ± 0.01

55 ± 6

4.6 ± 0.7

The improvement in current density is supported by incident photon-to-electron
conversion efficiency (IPCE) measurements. These curves feature a growth and subtle
change in shape, specifically an increase in external quantum efficiency for lower
energy photons and a red shift in the low-energy onset of ca. 40 meV for either system,
observable in Figure 4.7. The integrated external quantum efficiencies are in agreement
with the measured OPV short-circuit currents to 10% accuracy. This increased overall
current generation is consistent with trap passivation and improved hole transport in the
polymer phase, which can result in decreased bimolecular recombination; the red-shift
can be an indication of improved exciton dissociation for lower energy excitons, as trap
sites have been linked to geminate recombination.46,47 In addition, Schwarz et al. have
proposed dopant-assisted carrier photogeneration, where interactions of excitons and
isolated neutral dopants can result in additional photocurrent, as an additional
mechanism to explain the photocurrent increase.48
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Figure 4.8. IPCE spectra of PTB7 (left) and PCDTBT (right) OPV cells with the acceptor PC71BM, doped with varied concentrations of Mo(tfdCO2Me)3 and Mo(tfd-COCF3)3 respectively.
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Doping of PCDTBT was also attempted with the lower EA dopant Mo(tfdCO2Me)3 in an attempt to selectively dope trap states without depleting the valence
band. However, no improvement in performance is observed (see Figure 4.8); the
electron affinity of the dopant is presumably not sufficiently high to passivate the trap
states that reduce device performance. Consistent with the other material systems, FF
and VOC are reduced up to 1 wt. % dopant, and a slight red-shift is observed in the IPCE,
but does not result in improved JSC, which declined at 1 wt. % as well. It is possible
that the dopant, while unable to fill necessary trap states to improve performance is still
able to increase the carrier density, ultimately lowering performance at higher
concentrations.
Coinciding with the decrease in the FF, the change of shape in the IPCE for the
attempted devices can possibly be related to a slight change in thickness or refractive
index of the active layer film, as these properties will have an effect on the optical
interference and absorbance at various depths in the film. However, the difference in
the behavior of the two dopants with PCDTBT indicates the likelihood of trap
passivation as a possible contributor to the increase in photocurrent in addition to the
optical effects.
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Figure 4.9. J-V curves (left) and IPCE (right) of PCDTBT:PC71BM OPV cells doped with various concentrations of Mo(tfd-CO2Me)3. No
improvement in JSC or PCE is observed.
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4.2.4 Atomic Force Microscopy
An in-depth discussion of atomic force microscopy (AFM) relating to organic
photovoltaic devices was given in Chapter 1. For the work in this chapter, AFM was
conducted on a Bruker Dimension Icon in tapping mode, using Bruker RTESP-150
antimony-doped silicon tips, and analyzed with Gwyddion SPM analysis software.
Doped solutions were pre-mixed by adding small volumes of 0.1 or 1 mg / mL Mo(tfdCO2Me)3 or Mo(tfd-COCF3)3 solutions to 10 mg / mL PTB7 or PCDTBT
chlorobenzene solutions and stirring for up to 1 h in inert atmosphere. Solutions were
spun-cast at 1000 rpm for 60 s on UV-ozone cleaned ITO substrates to achieve films
ca. 100 nm in thickness, after which samples were dried in vacuum (~10-6 Torr).
To explore the possibility of morphological changes upon dopant introduction,
atomic force microscopy was performed on films of PTB7 and PCDTBT with
concentrations of p-dopant relevant to the trends observed in the conductivity, UPS,
and OPV results. The full series of height and phase images can be observed in Figures
4.9 and 4.10. Generally, no observations in the height or phase images would lead one
to conclude that the presence of the dopant results in a substantial change in the surface
morphology of the film, such as new features or changes in roughness. The root-meansquared roughness (RRMS) of the undoped films is 0.26 ± 0. 1 and 0.21 ± 0.01 nm for
PTB7 and PCDTBT respectively, and deviates by less than 0.01 nm across any of the
doped samples.
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Figure 4.10. Atomic force microscopy topography (left) and phase (right) images of PTB7 films with 0, 0.01, 0.1, and 1 wt. % Mo(tfd-CO2Me)3.
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Figure 4.11. Atomic force microscopy topography (left) and phase (right) images of PCDTBT films with 0, 0.01, 0.1, and 1 wt. % Mo(tfd-COCF3)3.
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4.2.5 Grazing-Incidence Wide Angle X-Ray Scattering
The effect of dopant introduction on the molecular ordering of the donor
polymer phase was studied with grazing-incidence wide angle x-ray scattering
(GIWAXS). A detailed discussion of GIWAXS in BHJ OPV active layers was given in
Chapter 1. The experiment was conducted at the EAST – D1 beamline
(http://www.chess.cornell.edu/chess/east/D1.htm) at the Cornell High Energy
Synchrotron Source (CHESS) at Cornell University by Rahim Munir. The detector used
was Pilatus 200K (combination of two 100K detectors). The blind spot of the detector
appears in the result as a black horizontal line in the middle. The experimental
parameters define the sample to detector distance as 100.25 mm, the X-ray wavelength
as 1.155 Å, and the detector angle as 0.17°. Data were analyzed using Fit 2d.
(http://www.esrf.eu/computing/scientific/FIT2D/) Samples were prepared in the
following manner: Doped solutions were pre-mixed by adding small volumes of 0.1 or
1 mg / mL Mo(tfd-CO2Me)3 or Mo(tfd-COCF3)3 solutions to 10 mg / mL PTB7 or
PCDTBT chlorobenzene solutions and stirring for up to 1 h in inert atmosphere.
Solutions were spun-cast at 1000 rpm for 60 s on plasma-cleaned silicon substrates to
achieve films ca. 100 nm in thickness, after which samples were dried in vacuum (~106

Torr).
As described in the previous paragraph, GIWAXS (spectra shown in Figure

4.11) was performed on polymer films deposited at similar conditions to those used in
the OPVs. Weak (100) lamellar and (010) π-π stacking peaks are observed for both
polymers, as has been observed in literature.49–51 Exposure time for each shot was at 2
and 1.2 s for PTB7 and PCDTBT films respectively, and the incident angle was at 0.17°
for maximum resulting intensity. There is no appearance of additional peaks or peak
changes, in intensity or position, upon the introduction of the dopants up to 1 wt. %.
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The lack in change of crystallographic properties upon doping supports the conclusions
that the improvement in OPV performance with doping is not because of a change in
morphology, but because of the reduction in trap states of the thin film.
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Figure 4.12. GIWAXS images of PTB7 (top) and PCDTBT (bottom) films on silicon
wafers p-doped with relevant concentrations of Mo(tfd-CO2Me)3 and Mo(tfd-COCF3)3
respectively. GIWAXS was conducted at the Cornell High Energy Synchrotron Source
(CHESS) at Cornell University by Rahim Munir.

4.3

Conclusion

Evidence of trap passivation in two different low-order copolymers, PTB7 and
PCDTBT, upon the introduction of molecular dopants was established by conductivity
and photoelectron spectroscopy. Doping of the polymers with the respective dopants in
OPV active layers with PC71BM yielded an improvement in the JSC for both material
systems, with an increase of over 20% for PTB7/PC71BM. The increase can be seen
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clearly in the IPCE, the increasing values accompanied by a change in shape to favor
high wavelength photons as well as a red-shifting of the low energy tail. However,
increased carrier concentration also resulted in a penalty of degraded FF and VOC,
which led to significantly reduced performance at higher dopant concentrations, over
ca. 1 wt. %. AFM and WAXS suggest that the dopants are well-dispersed in the film
and do not appear to be interrupting or changing polymer morphology in any significant
manner.
While the increase in OPV photocurrent was the expected result of trap
passivation, the reduction in FF is inconsistent with increased charge transport on its
own. It is possible that the introduction of the molecular dopants into the organic thin
films has slightly changed its thickness or refractive index, which would also manifest
in the observed evolution of the IPCE. An increase in thickness can also explain the
lower fill factors. However, as the recorded PTB7:PC71BM JSC is among the highest in
literature, and the electron affinity of the dopant has a direct effect on the performance
of doped PCDTBT:PC71BM devices, it is unlikely that the PCE improvements are
unrelated to ultra-low doping. In this case, it is possible that the results are a product of
trap passivation, refractive index and thickness changes, as well as new recombination
pathways due to localized increased carrier densities, if dopants are not well dispersed
on the nanoscale. The deconvolution of these effects is not straightforward for the
imperfect systems being studied, and can be the focus of future work. Ultimately,
relative to the previous chapter, these results can support the conclusion that ultra-low
p-doping in OPVs can result in PCE and JSC improvements when employed with
materials that have low intricate short-range order, unlike homopolymer
polythiophenes for example, and could be applicable to a number of other devices
employing bulk heterojunction films with low-order organic materials.
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[52] Y. Qi, T. Sajoto, M. Kröger, A. M. Kandabarow, W. Park, S. Barlow, E.-G. Kim,
L. Wielunski, L. C. Feldman, R. A. Bartynski, J.-L. Brédas, S. R. Marder, and
A. Kahn, “A Molybdenum Dithiolene Complex as p -Dopant for Hole-Transport
Materials: A Multitechnique Experimental and Theoretical Investigation,”
Chem. Mater., vol. 22, no. 2, pp. 524–531, Jan. 2010.

195

ZINC OXIDE INCORPORATING PENTAMETHYLRHODOCENE DERIVATIVES AS ELECTRONTRANSPORT LAYERS FOR HIGHLY EFFICIENT
ORGANIC SOLAR CELLS

5.1

Introduction

5.1.1 Semiconducting Oxide Interlayers in Organic Electronics
The favored transparent conducting oxide (TCO) in organic photovoltaics
(OPVs), and a number of other electronic devices, has historically been indium tin
oxide (ITO), owing to its high electrical conductivity and transparency in the visible
region.1,2 However, its work function (Φ) is largely dependent on surface cleaning
methodology,3 and is not always appropriately situated for electron or hole transfer
to/from the valence and conduction bands of many materials that are employed in
organic semiconductor devices without losses in energy. This is manifested in
decreased open-circuit voltages in OPVs and higher required injection voltages in
OLEDS for example.4–7 To account for this problem, a number of interlayer materials,
often semiconducting oxides with large bandgaps, have been employed to manipulate
better contacts with organic materials.8–11
Oxides that have commonly been used for hole injection/extraction in organic
electronics are molybdenum oxide (MoO3), vanadium oxide (V2O5), and tungsten oxide
(WO3).10,12–14 These layers are usually thermally evaporated to attain the most pristine
layers, achieving metallic conductivities and work functions up to or above 6.0 eV.
However, to realize compatibility with anticipated high-throughput roll-to-roll
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manufacturing, low-temperature solution-processed MoOX with a Φ of 5.0 eV (and up
to 6.1 eV after O2-plasma and vacuum annealing) has been reported and implemented
in OPVs, the thickness minimized to offset the higher resistivity.15
The most common low Fermi level energy oxides are zinc oxide (ZnO) and
titanium oxide (TiO2), thin films of which, those with Φs ca. 3.5 – 4.0 eV, have found
use in a number of electronic applications, including organic and inorganic
photovoltaics, thin-film transistors, and liquid-crystal displays.16–22 Using diverse filmprocessing methods, low-cost and facile procedures have been developed to produce
amorphous to low-crystallinity ZnO layers with thicknesses of tens of nanometers and
with opto-electronic properties competitive with those of their more highly-ordered
relatives when employed in certain applications, such as charge-transport layers in
organic photovoltaics (OPVs).17,23,24 However, these films can still suffer from
increased defect populations related to vacancies and interstitial sites relative to their
more crystalline counterparts. The presence of these defects can limit charge transport
and the reproducibility of device performance.25–28
5.1.2 Additives in Low-Temperature Solution-Processed Oxides
A method that has classically been used to augment oxide properties is the
introduction of metal atoms, which can often occupy interstitial sites and/or lead to
enrichment or deficiencies in charge carriers, depending on valence saturation. In zinc
oxide materials processed at low temperatures the use of sodium, aluminum, and
lithium have been demonstrated to improve electron mobilities, conductivities, and,
ultimately, the performance of organic photovoltaic devices employing such
layers.17,24,29 However, these films require the additional step of particle formation in
solution, which contributes to processing time and cost. To the best of the author’s
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knowledge, there has been no application of atomic doping to low-temperature zinc
oxide films derived from sol-gels to date.
Robust small molecules, such as fullerene derivatives, have been co-dissolved
into ZnO sol-gels, where they were incorporated into the bulk of the film and can have
an influence on the oxide properties, such as carrier band energies and charge
transport.30,31 Incorporation of these organic materials into the oxide has resulted in
improved OPV performance, up to 8.2 % in inverted cells with PTB7:PC71BM, largely
through increases in the FF and JSC. The reports suggest that these improvements
originate from fullerene assistance in electron extraction and transport, rather than
interactions with defects.
5.1.3 Molecular Dopant Incorporation into Amorphous Zinc Oxide
Redox-active molecules, also known as molecular dopants, have already been
used to modify the surface properties of metals32,33 and oxides.34–37 Schlesinger et al.
used an evaporated dimeric sandwich n-dopant to reduce the work function of
crystalline ZnO by up to 1.5 eV to a minimum of 2.2 eV due to electron transfer to
(“surface doping” of) the oxide, allowing for more efficient energy transfer with the
organic dye L4P-sp3.37 Work-function reduction has also been demonstrated by
Giordano et al. through solution processing of similar complexes onto metal and oxide
thin films, including ZnO (ΔΦ = –0.5 eV) formed by atomic layer deposition.36 The use
of molecular dopants has not, however, been demonstrated within the bulk of sol-gel
based ZnO films, although the addition of fullerene derivatives has been shown to
reduce the optical gap.38 In addition to potentially affording a homogeneous distribution
of the dopant in the oxide, such a method might also lead to greater compatibility with
solution-processing of organic overlayers over surface doping approaches, in which
changes in surface hydrophobicity/philicity and/or dopant transfer or passivation may
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occur. Moreover, bulk doping can potentially have a more significant effect on the bulk
conductivity of the oxide.
In this study, the incorporation of the molecular n-dopant 1,2,3,4,5pentamethylrhodocene dimer ([RhCp*Cp]2)39,40 into solution-processed ZnO thin films
is demonstrated, as well as the characterization of the material properties that lead to
an improvement in OPV performance. This dopant has been shown to be a reasonably
air-stable, yet powerful, reductant due to the doping mechanism, which involves both
cleavage of the dimer and electron transfer, resulting in the formation of two
monomeric [RhCp*Cp]+ cations per dopant;39,41–43 the effective redox potential is
estimated to be ca. –2.0 V vs. ferrocene.41 The reductant strength of the dimer and
robustness of the resulting [RhCp*Cp]+ cation makes it a promising candidate for lowtemperature sol-gel oxide processing.

5.2

Methods & Results

5.2.1 ZnO Preparation
The preparation method for the electron-transporting layer of amorphous ZnO
(a-ZnO) was adapted from those detailed in recent publications.17,23 For sol-gel a-ZnO,
zinc acetate dihydrate (Sigma-Aldrich 379786) and ethanolamine (Sigma-Aldrich
411000) were dissolved in 2-methoxyethanol (Sigma-Aldrich 284467) to a
concentration of 0.11 M. After hydrolysis in air for ca. 24 h, the sol-gel was bubbled
with argon for 2 h before being transferred, in a vial with argon atmosphere, to the
glove-box. 1,2,3,4,5-Pentamethylrhodocene dimer (prepared by Dr. Karttikay Moudgil
as described in the literature39,40) was dissolved in the sol-gel solution and allowed to
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stir at 60 °C for 1 h. The solutions were spin-cast onto solvent and UV-Ozone-cleaned
ITO substrates in inert atmosphere, at 4000 rpm for 30 s, yielding compact ZnO films.
To achieve thicker, rippled a-ZnO, the sol-gel was prepared with a zinc acetate
dihydrate / ethanolamine concentration of 0.75 M and spin-cast at 3000 rpm for 30 s.
In both cases, the doped films were annealed on a hotplate (PRAZITHERM PZ 283TD) at 100 °C for 10 min in the glovebox, then annealed in air at 150 °C for another
10 min before being allowed to cool down at room temperature.
The benefit of the low-temperature solution-processing of sol-gel ZnO is that it
allows for the use of molecular dopants in ways not previously exploited, as the soluble
dopants can be dissolved directly into the 2-methoxyethanol-based solution and
deposited simultaneously with the sol-gel. Thermogravimetric analysis (TGA) of the
[RhCp*Cp]2 powder, performed by Dr. Karttikay Moudgil, shows that the
decomposition point (5% mass loss) of the dopant dimer is ca. 185 °C, seen in Figure
5.1. The thermal conversion of the sol-gel to the oxide was conducted below this
decomposition point, at 150 °C for 10 min, and so has the potential to trap the dopants
within the forming film, although the dimer may decompose via chemical reactions
with either solvent or species created during the sol-gel deposition. It should also be
noted that the doping product, the RhCpCp+ cation, is among the most stable
organometallic species and is expected to be stable, both thermally and in the sol-gel
conditions (as has been observed via absorbance).
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Figure 5.1. Thermogravimetric analysis of [RhCp*Cp]2 at 10 °C min–1.
Thermogravimetric analysis (TGA) of the [RhCp*Cp]2 powder was performed by Dr.
Karttikay Moudgil.

5.2.2 Secondary Ion Mass Spectrometry
Secondary ion mass spectrometry (SIMS) is a technique that allows for surface
composition analysis of solids by bombarding exposed materials with a focused beam
of primary ions. Ejected secondary ions are analyzed by their mass/charge ratio in order
to determine elemental or molecular composition as a function of depth. Though the
first SIMS experiments were not conducted until the 1940s-1950s by Herzog,
Viehböck, and Honig,44,45 enabled by improved vacuum pump technology, the
phenomenon of secondary ion ejections following primary ion collisions was first
observed by J. J. Thomson in 1910.46 Due to its ability to deliver nanometer depth
resolution and elemental sensitivity down to parts per billion, SIMS has found extensive
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use in the compositional characterization of electronic devices and materials that
compose them, such as ZnO.47–51
In order to determine how well the dopant molecules are dispersed in the
amorphous ZnO, thin films were studied by SIMS. Several solutions were prepared by
mixing zinc oxide sol-gel solution (detailed in Section 5.2.1) with dopant molecules at
concentrations ranging from 10-1 down to 10-4 mg/mL. These thin ZnO films were
produced by spin coating the sol-gel solutions on top of a solvent and UV-Ozonecleaned silicon substrate. In order to obtain a stable and reliable profile signal in this
experiment, 5 layers of thin a-ZnO (from 0.11 M sol-gel solution) were deposited
sequentially to a total thickness of ca. 50 nm. This film preparation was completed by
Hanlin Hu at the King Abdullah University of Science and Technology.
SIMS experiments were carried out by using a Dynamic SIMS instrument from
Hiden analytical company (Warrington-UK) operated under ultra-high vacuum
conditions (10-9 Torr). Depth-profiling experiments were conducted using oxygen at
energy of 4 keV for maximizing the detected rhodium signal in particular. The
conversion of the sputtering time to sputtering depth scale was achieved by measuring
the depth of the crater generated at the end of the depth profiling experiment. The raster
of the sputtered area was estimated to be 1000 × 1000 µm2. In order to avoid
contributions from surface materials near the edge of the crater, an acquisition area of
150 × 150 µm2 was centered in the middle of the eroded region. Throughout the
sputtering process, the selected ions ascribed to rhodium and zinc were sequentially
collected using a MAXIM spectrometer equipped with a quadrupole analyzer. Ions
were collected from the sample by a shaped extraction field and energy filtered using a
parallel plate system, with the energy resolution matched to that of the quadrupole
analyzer. After passing through a triple filter system, detected ions were measured using
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a pulse counting detector having a 4 keV post acceleration potential to increase the
detection efficiency at high masses. SIMS experiments were conducted at the King
Abdullah University of Science and Technology by Dr. Nimer Wehbe.
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Figure 5.2. SIMS data showing (a) the Rh+ signal intensity measured for ZnO films as
a function of the rhodium concentration in the (zinc oxide precursor + dopant) solution
and (b) depth profiling of a thin ZnO layer deposited from the solution containing 10-3
mg/mL of dopant. SIMS experiments were conducted at the King Abdullah University
of Science and Technology by Dr. Nimer Wehbe.

Figure 5.2a demonstrates clearly the rhodium signals, denoted by rhodium (Rh+)
and rhodium oxide (RhO+) ions, exhibit an approximate linear proportionality to the
allotted concentration in the solution. The maximum Rh+ intensity of 2 × 106 c/s
measured from the film corresponding to the 10-1 mg/mL solution is decreased by
almost two orders of magnitude and reaches 1.6 × 104 c/s when the dopant
concentration in the solution was reduced by the same proportion. (Figure 5.3). This
experimental series shows that SIMS is capable of detecting rhodium with high
sensitivity in films fabricated from solutions with concentrations as low as 10-4 mg/mL.
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Figure 5.3. Mass spectra recorded for four thin layers produced using solutions of zinc
oxide mixed with rhodium at concentration ranging from 10-1 down to 10-4 M. SIMS
experiments were conducted at the King Abdullah University of Science and
Technology by Dr. Nimer Wehbe.

The variation of the rhodium signal as a function of depth was investigated in
order to assess the homogeneity of the rhodium distribution through the film thickness
(Figure 5.2b). Following an initial drop at the beginning of the sputtering process, SIMS
signals ascribed to zinc and rhodium exhibit stable intensities until the exposure of the
buried silicon substrate, after which they steeply decrease. This opening surface drop
is often observed in depth profiling experiments and is attributed to the presence of a
contamination layer, which includes a higher oxygen content, leading to signal
augmentation at the surface edge (called a matrix effect). Except for the Zn2+ ion, a
similar enhancement effect occurs at the silicon interface and is due again to the
presence of a native silicon oxide layer formed on the silicon substrate. The depth
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profiling data suggests that the rhodium is homogeneously distributed throughout the
deposited layer.
5.2.3 X-ray Photoelectron Spectroscopy
A detailed discussion of photoelectron spectroscopy was given in Chapter 1.
For this chapter, X-ray photoelectron spectroscopy (XPS) was performed in the ultrahigh vacuum environment of a Kratos Axis UltraDLD XPS/UPS system at the Georgia
Institute of Technology. All samples were in contact with the detector by a metallic clip
and characterizations were performed at a take-off angle normal to the film. XPS using
monochromatic Al Kα line was conducted at a base pressure of 10-9 Torr, the Fermi
level calibrated using atomically clean silver. The spot size was ca. 700 μm. Survey
XPS scans were run at 160 eV pass energy and high resolution scans typically at 20 eV
pass energy and 0.1 eV steps. Several solutions were prepared by mixing zinc oxide
sol-gel solution (detailed in Section 5.2.1) with dopant molecules at concentrations
ranging from 1 down to 10-4 mg/mL. These thin ZnO films were produced by spin
coating the sol-gel solutions on top of solvent and UV-Ozone-cleaned ITO/glass
substrate.
Atomic ratios of relevant elements in the films with differing concentrations of
n-dopant are given in Table 5.1, determined by O 1s, Zn 2p, In 3d and Rh 3d peak areas.
The area ratios were converted into atomic ratios after correcting for instrumental and
sensitivity factors. Assuming a constant thickness, which is supported by AFM (Section
5.2.8), the effective thickness (x) of the ZnO layer was determined by integrating the
expected signal decay functions52 based on the inelastic mean free path (λ)53 of the
scattered photoelectrons relevant to the given core level orbitals, and equating to the
observed In 3d and Zn 2p intensities:
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The depth inside the sample in nm is given by t and ρ is the estimated density
of an element in the given oxide. Using x which, as expected, was ca. 10 nm for each
sample, oxygen contribution of the ITO substrate to the O 1s intensity was further
calculated using the same integration formula and subtracted from the total signal
intensity. From here, the O/Zn atomic ratio was calculated based on the remaining O
1s and Zn 2p intensities, adjusted for atomic density and signal decay to a depth of x.

Table 5.1. Atomic ratios of relevant elements in the films with differing concentrations
of n-dopant, determined by O 1s, Zn 2p, and Rh 3d XPS peaks. O/Zn atomic ratio was
adjusted by signal decay through the material and corrected for oxygen contribution
from the ITO substrate, uncorrected values given in parenthesis.
n-Dopant
Concentration

O/Zn Atomic
Ratio

Undoped

Rh/Zn
Atomic
Ratio
-

10-3 mg/mL

-

0.92 (1.04)

10-2 mg/mL

-

0.92 (1.01)

10-1 mg/mL

0.003

0.98 (1.07)

10-0 mg/mL

0.030

1.10 (1.13)
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1.08 (1.20)

Figure 5.4. Evolution of the Rh 3d peaks is observed in the higher concentration
samples.

For the oxides fabricated from 1 and 0.1 mg/mL dopant solutions, fitting of Zn
2p and Rh 3d peaks gave Rh/Zn atomic ratios of 0.030 and 0.003 respectively,
consistent with the 3% and 0.3% ratio of dopant monomers to zinc acetate molecules
expected from the solution concentrations. The XPS Rh 3d peaks are compared, by
dopant concentration in the sol-gel, in Figure 5.4. Although the Rh signals from lower
dopant concentrations cannot be detected with XPS, based on the linear decrease in Rh+
intensity observed by SIMS (Section 5.2.2) it is reasonable to assume that the atomic
ratio follows this trend as well. The 1 mg/mL film also shows two separate pairs of Rh
3d ionizations, with a difference in binding energy of ~1.8 eV. One pair, which accounts
for 20.7% of the total Rh species, is seen at similar binding energy to the neutral Rh I
dimer,34,54 while another, at higher binding energy, can be attributed to the monomeric
RhIII RhCp*Cp+ cation. The observation of a low-binding energy pair of Rh 3d
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ionizations might indicate that the dimers are stable to the sol-gel precursor solution
and do not completely react with the formed ZnO at these concentrations; however,
these ionizations might also be attributable to another RhI species, such as a products
of nucleophilic attack on the RhCp*Cp+ cation.
An additional, unexpected trend was the increase of the apparent O/Zn atomic
ratio from the undoped to low-doped films, indicating a large change in the film
composition. The increase was not uniform across the samples; the 10-3 and 10-2 mg/mL
films both exhibited decreases to 0.92 from the undoped value of 1.08. These values
were established by subtracting the ITO oxygen contribution from the measured O/Zn
ratio, determined via the effective ZnO thickness from the In/Zn ratio and calculating
the integrated signal decay.52,53 Measured values are given in Table 1. As these films
are processed at low temperatures for a short period of time, the formation of the oxide
can be imperfect and the concentration of impurities can be rather high, both of which
will affect the O/Zn ratio. A decrease in this ratio can indicate that the oxide is becoming
more oxygen-deficient via an increase in O vacancies and Zn interstitial sites or a
decrease in O interstitial sites and Zn vacancies, either situation with the potential to
affect the electronic properties of the system.55–57
5.2.4 Ultra-violet Photoelectron Spectroscopy
A detailed discussion of photoelectron spectroscopy was given in Chapter 1.
For this chapter, ultra-violet photoelectron spectroscopy (UPS) was performed in the
ultra-high vacuum environment of a Kratos Axis UltraDLD XPS/UPS system at the
Georgia Institute of Technology. All samples were in contact with the detector by a
metallic clip and characterizations were performed at a take-off angle normal to the
film. Spot size was ca. 110 μm. UPS was acquired at 5 eV pass energy and 0.05 eV step
size. Several solutions were prepared by mixing zinc oxide sol-gel solution (detailed in
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Section 5.2.1) with dopant molecules at concentrations ranging from 1 down to 10-4
mg/mL. These thin ZnO films were produced by spin coating the sol-gel solutions on
top of a solvent and UV-Ozone-cleaned ITO/glass substrate. The work function is
determined by 𝑊𝐹 = ℎ𝑣 − 𝐵𝐸𝑆𝐸𝐸 , where BESEE is binding energy of the secondary
electron edge and hv is the He(I) photon energy (21.22 eV). The ionization energy is
determined by 𝐼𝐸 = 𝑊𝐹 + 𝐵𝐸𝑉𝐵𝑀 , where BEVBM is the cutoff of the valence band
emission.
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Figure 5.5. (left) Work-function and ionization-energy trends in ZnO films prepared with various concentrations of n-dopant. (right) Secondary
cut-off edges illustrating the shift in work function with various concentrations of n-dopant.
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UPS was used to explore shifts in the work function and ionization energy of
the thin a-ZnO films; the results are shown in Figure 5.5. It was found that the lowest
dopant concentrations actually result in a slight increase in the work function, from 3.8
to 3.9 eV. This could be explained by a compositional change in the bulk of the ZnO,
indicated by the change in the O/Zn ratio shown in XPS, indicated in Section 5.2.3.
Density-functional theoretical (DFT) models that account for surface defects, as
opposed to termination in –OH groups, indicate an expected increase from the presence
of zinc and oxygen vacancies, and from zinc interstitial sites,56 which could account for
the slight increase in the Φ at lower dopant concentrations. Only at higher
concentrations does the work function decrease, down to 3.4 eV for the film with 1
mg/mL dopant, which is consistent with the dopant undergoing effective electron
transfer to the conduction band, as was observed with surface doping of the oxide.36
The ionization energy is constant at lower dopant concentrations, only shifting down
with the work function at higher concentrations, with a maximum shift from 7.55 to
7.05 eV. Since the Fermi level moves little relative to the onset of the valence band (i.e.
IE – Φ is roughly constant), the origin of the Φ shift is presumably the formation of
interface dipoles across the surface of the ZnO particles due to the presence of
positively charged RhCp*Cp+ ions on the negatively charged oxide, though one should
note that an overly large Φ shift is not anticipated, as EF is expected to be sufficiently
close to the high density of states edge of the conduction band.
5.2.5 Conductivity & Mobility Measurements
An in-depth discussion regarding the methodology of conductivity and mobility
(μ) measurements of semiconductors was given in Chapter 1. For this chapter, both σ
and μ were measured at the King Abdullah University of Science and Technology on
a-ZnO spin-cast from sol-gel solutions incorporating [RhCp*Cp]2, deposited over
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plasma-cleaned pre-patterned electrodes (45 nm Au/5 nm ITO) on 230 nm silica over
silicon (3 × 1017 cm-3 n-doped) substrates. Several solutions were prepared by mixing
zinc oxide sol-gel solution (detailed in Section 5.2.1) with dopant molecules at
concentrations ranging from 1 down to 10-4 mg/mL. The conductivity was estimated
using the ohmic (linear) region of the I-V curves between the source and drain
electrodes, converting current to current density using film thickness and channel
width, which in all cases were 50-100 nm and 2 mm respectively, and voltage to field
using channel length, which were 2, 5, 10 or 20 μm. Conductivities measured at all four
channel lengths gave similar values, indicating that contact resistance is negligible
relative to film resistance. σ values are averaged across at least 8 pixels from all four
channel lengths. Mobility values were measured in a field-effect transistor (FET)
format using an EP4 cascade microtech probe station & a Keithley 2400 source meter.
Mobilities were determined by fitting the slope (m) of ID1/2-VGS in the saturation regime
by the expression 𝜇 = 2𝐿𝑚2 ⁄𝑊𝐶𝑖 , where L and W are the length and width of the
channel, and Ci is the geometric capacitance of the gate dielectric, which is ca. 15
nF/cm2 for the 230 nm silica over silicon (3 × 1017 cm-3 n-doped) substrates used in this
work.58 The threshold voltage (VTh) was determined by the zero-intercept of the fitted
slope. Thicknesses were determined using a Dektak 150 profilometer.
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Figure 5.6. Electron mobility and conductivity values of ZnO with different
concentration of dopant (as indicated) by bottom gate/bottom contact thin film filed
effect transistor.

Table 5.2. Electron mobility values, threshold voltages, and On/Off ratios of the doped
ZnO transistors.
Dopant
μ × 104 (cm2 V-1 s-1 )
Concentration

Threshold
Voltage (V)

On/Off

Undoped

1.5 ± 0.3

7.0 ± 6.8

105

0.0001%

1.3 ± 0.3

19.4 ± 6.7

105-106

0.001%

1.6 ± 0.7

9.4 ± 3.8

105-106

0.01%

1.5 ± 0.4

18.0 ± 3.7

105-106

0.1%

2.2 ± 0.6

7.0 ± 6.4

105-106
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Trends of in-plane electron mobility and conductivity in a-ZnO films
incorporating the n-dopant are shown in Figure 5.6. The electron mobility is in good
agreement with literature values,23,59 but does not vary significantly with doping
concentrations. However, a non-trivial increase of conductivity was observed with
increasing dopant concentration, approaching values measured for ZnO processed
under much higher temperatures.60 Though this is not identifiable in the threshold
voltage, there appears to be an increase in the current at VG = 0. This trend, combined
with the unchanging electron mobility, could point to an increase of carrier density
expected on increasing the doping level, assuming the mobility trend is consistent in
ungated and gated saturation regimes.
5.2.6 Absorbance & Photoluminescence
UV-visible absorption spectra were acquired on a Cary 5000 (Varian)
instrument. Photoemission spectra were collected using a Horiba Jobin Yvon
Fluorolog-3 employing an iHR320 monochrometer, and a CCD detector.
Photoluminescence lifetimes were calculated using the Horiba DAS6 Analysis
software. Samples were excited at 320 nm. Spectra are corrected for fluctuations in the
lamp current. Several solutions were prepared by mixing zinc oxide sol-gel solution
(detailed in Section 5.2.1) with dopant molecules at concentrations ranging from 1
down to 10-3 mg/mL. These thin ZnO films were produced by spin coating the sol-gel
solutions on top of solvent and UV-Ozone-cleaned SiOx/Si substrates.
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Figure 5.7. UV-Vis absorption spectra of thin, compact (left) and thick, rippled (right) ZnO doped by different concentration (mg/mL) as indicated.
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The optical properties of ZnO can shed light on the nature of gap defects. Figure
5.7 shows that the introduction of dopants has a negligible effect on the absorbance of
compact or rippled ZnO. The absorbance remains in the UV region, with onset ca. 360370 nm, though the rippled ZnO displays a scattering tail in the visible region.
However, it has been shown that the presence of gap states in ZnO films can be
identified by photoluminescence spectroscopy, specifically by the presence of a green
luminescence resulting from the recombination of shallow donors (close to the ZnO
conduction band edge) and deep acceptors associated with zinc vacancies.61–66 When
normalized to the main fluorescence feature at ~360 nm, the undoped oxide film has an
intense sub-gap emission, centered at 580 nm. Although doping resulted in no
significant change in the absorption spectra, additions of a small amount of dopant
reduce the relative intensity of the green fluorescence feature rather sharply (Figure
5.8). As this transition is thought to involve carrier relaxation into deep vacancy trap
states, a reduction in the fluorescence strength could indicate a decrease in the
population of vacancies, specifically of Zn vacancies, that corresponds to the observed
decrease in the O/Zn atomic ratio. DFT calculations have indicated that these vacancies
can act as electron-compensation centers on the surface of ZnO films that can trap
mobile carriers.56 Chen et al. observed a similar reduction in green luminescence in
ZnO NP films upon UV-ozone treatment, and attributed this to a reduction of oxygen
vacancies due to oxygen penetration during the treatment; the treatment was also found
to lower charge recombination at the oxide-organic interface in OPV cells with ZnO
NP electron-transport layers.62 The average energy of both emissions decreases as well
at low doping levels; the peaks are red-shifted with an energy difference of ca. 0.07 eV.
At higher doping (1 mg/mL), the strength of the green luminescence increases again
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and the main feature appears to broaden; this might be attributable to potential
fluctuations arising from a non-uniform distribution of molecular dopants, as well as
an increase in atomic vacancy sites. Both features experience a blue-shift (Δ > 0.05eV),
similar to that observed when ZnO is doped with donors such as gallium.67
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Figure 5.8. (left) Photoluminescence spectra of ZnO thin films containing molecular dopants. (right) Decay of the long-lived green
photoluminescence (580 nm) of ZnO films with various dopant concentrations.
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The photoluminescence decay of the green-emissive state was studied, as shown
in Figure 5.8, and modelled as a biexponential. The longer component had a lifetime of
6.2 μs in the intrinsic film. The effect of low doping concentrations on this lifetime is
marginal, but in the highest doped film (1 mg/mL) the lifetime is shortened to 3.0 μs,
i.e. about half of its initial value. The increased rate of decay can be an indication of an
increased rate in either radiative or non-radiative pathways involving shallow
interstitial trap states that were previously unpopulated.
5.2.7 Organic Photovoltaic Devices
An in-depth discussion of organic photovoltaics theory and general processing
procedures was given in Chapter 1. For the study in this chapter, photovoltaic devices
were fabricated and tested at the King Abdullah University of Science and Technology
jointly with Hanlin Hu. 200 nm-thick patterned ITO-on-glass substrates were sonicated
in sodium dodecyl sulfate solution, water, acetone, and isopropanol, and then UVozone cleaned for 10 min. Thin a-ZnO films were produced by spin-coating zinc oxide
sol-gel solutions (detailed in Section 5.2.1) that were prepared with dopant molecules
at concentrations ranging from 10-1 down to 10-5 mg/mL. The active layer blend
solutions were kept stirred at 60 °C overnight and filtered using PTFE 0.45 µm filters
before spin casting (800 rpm, 45 s and 900 rpm, 45 s for PTB7 and PTB7-Th donor
polymers respectively). For PTB7:PC71BM and PTB7-Th:PC71BM, BHJs active-layer
blend solutions were obtained by mixing 1:1.5 w/w donor to acceptor ratios in
chlorobenzene (concentration 25 mg/mL) with a 3% volume ratio of DIO. The samples
were kept in a closed Petri dish for 20 min of solvent annealing after coating the active
layer, then transferred into vacuum chamber (10-7 Torr) for thermal evaporation of
MoOx (15 nm) and silver (Ag) (100 nm). To ensure consistent results, each series of
devices were simultaneously fabricated. The active area of the devices was 0.1 cm2.
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The current density-voltage characteristics of the photovoltaic cells were measured
using a Keithley 2400 under a simulated AM 1.5G solar irradiation at 100 mW cm-2.
The external quantum efficiency (EQE) was recorded by Oriel Quantum Efficiency
Measurement Kit (Newport).
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Figure 5.9. Chemical structure of (a) PTB7 polymer, (b) PTB7-Th polymer, (c)
PC71BM fullerene and (d) the [RhCp*Cp]2 n-dopant. (e) Device architecture showing
different functional layers and (f) estimated energy-level diagram of materials used in
inverted BHJ device configurations.17

To explore the influence of dopant molecule introduction into ZnO as an
electron-transport layer, organic solar cells were fabricated with high-performance
polymers. The chemical structures of the materials used, PTB7, PTB7-Th, PC71BM and
[RhCp*Cp]2, are shown in Figure 5.9 a-d respectively. With the aim of testing ZnO
with different concentrations of n-dopant on the performance of organic solar cells,
BHJ solar cells were fabricated with an inverted structure (Figure 5.9e); the
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corresponding energy diagram is shown in Figure 5.9f, where the Φ of ZnO is measured
by UPS as discussed previously, with the other estimated energy levels taken from
literature values.17
Upon dopant incorporation into the a-ZnO layer, a sizeable improvement was
seen for devices with the structure ITO/a-ZnO/PTB7:PC71BM/MoO3/Ag employing
thin, compact a-ZnO. Figure 5.10a plots the current density-voltage (J-V)
characteristics of these OPVs, with detailed photovoltaic parameters summarized in
Table 3. The performance of OPVs with pristine ZnO is in a good agreement with
literature values.68,69 There is little effect on the VOC and FF upon modulation of the
dopant concentration within the range of 10-1 to 10-5 mg/mL; the variation in JSC is the
major parameter that governs the evolution of PCE with doping level. The most
significant improvements appear at lower dopant concentrations, where a reduction in
sub-gap fluorescence was observed in Section 5.2.6, with a maximum enhancement of
JSC from 16.3 mA/cm2 (pristine ZnO) to 17.9 mA/cm2 (with 10-4 mg/mL dopant in
ZnO), in which the enhancement in performance is greater than 9%. Consequently, the
PCE increases from 8.6% to a maximum value of 9.3%, which exceeds the record PCE
of inverted PTB7:PC71BM-based OPVs, which was previously achieved with
poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9dioctylfluorene)] (PFN)-modified ITO.70 As the dopant concentration increases to 10-1
mg/mL, the JSC was reduced to 16.2 mA/cm2, slightly below pristine values. These
results seem to complement the observations from XPS and PL, corresponding to a
reduction in Zn vacancies on the surface of the film that ultimately reduces charge
trapping at the oxide/organic interface.56,62 Conversely, the increases in carrier
concentration and conductivity, as well as reductions in the Φ, do not appear to have a
positive effect on device performance.
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In order to confirm the enhancement in the JSC, the incident photon-toconversion efficiency (IPCE) spectra were measured, shown in Figure 5.10b. An
increase of the spectral response across the lower wavelengths of 300-600 nm is noticed
for moderately doped ZnO (10-5-10-3 mg/mL) relative to the pristine sample with pure
ZnO as ETL, followed by a uniform decrease in quantum efficiency with greater dopant
concentrations, implying that the increase of current density results from more efficient
electron collection in moderately doped ZnO over pristine or heavily-doped ZnO.
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Figure 5.10. The J-V characteristics (a) and EQE (b) of inverted PTB7/PC71BM device with compact ZnO doped by different concentrations as
indicated.
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Table 5.3. The OPV performance values of inverted PTB7/PC71BM device with
compact ZnO doped by different concentrations as indicated.
JSC (mA/cm2)

VOC (V)

16.3 ± 0.2

-5

n-Dopant
Concentrations
(mg/mL)
0

FF (%)

PCE (%)

0.74 ± 0.01

71 ± 1

8.6 ± 0.1

17.1 ± 0.3

0.74 ± 0.01

70 ± 0

8.9 ± 0.2

-4

17.8 ± 0.2

0.74 ± 0.01

70 ± 0

9.3 ± 0.1

-3

17.7 ± 0.2

0.74 ± 0.01

70 ± 1

9.3 ± 0.2

-2

17.1 ± 0.2

0.74 ± 0.01

70 ± 0

9.0 ± 0.1

-1

16.2 ± 0.3

0.74 ± 0.01

70 ± 0

8.4 ± 0.1

10
10
10
10
10

In addition to the work on compact sol-gel ZnO described above, the influence
of dopants on thicker, rippled ZnO, which has a greater surface area that can be taken
advantage of with surface modifiers,71,72 was also studied in OPV devices. As in the
case of compact films, the dopant was introduced in solution prior to film deposition.
The use of the rippled ZnO resulted in an intrinsically lower JSC for PTB7:PC71BM
devices, which is presumed to be due to light scattering evident in absorbance spectra
(Figure 5.7), yielding a control efficiency of 8.0%. As expected from the results with
compact ZnO, low levels of doping result in improvement in the JSC and consequently
the PCE, with improvements of PCE up to 8.7% (Table 5.4). Increasing the dopant
concentration up to 30 mg/mL, corresponding to a 1:1 Rh/Zn atomic ratio, results in a
significant photovoltaic performance decreases with concentrations of dopant over 1
mg/mL, mainly via FF and PCE. At 30 mg/mL, the JSC, VOC and FF decrease to 15.0
mA/cm2, 0.68 V and 58% respectively, resulting in a PCE of 6.0%.
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Table 5.4. The photovoltaic parameters of inverted PTB7:PC71BM device with rippled
ZnO doped by n-dopant with different concentration.
n-Dopant
Concentration
(mg/mL)
0

JSC (mA/cm2)

15.7 ± 0.3

10-4

VOC (V)

FF (%)

PCE (%)

0.72 ± 0.01

70 ± 1

8.0 ± 0.1

17.0 ± 0.3

0.72 ± 0.01

68 ± 1

8.4 ± 0.2

10-3

17.6 ± 0.2

0.73 ± 0.01

67 ± 1

8.7 ± 0.2

10-2

17.3 ± 0.2

0.73 ± 0.01

67 ± 1

8.5 ± 0.2

10-1

17.3 ± 0.3

0.72 ± 0.01

68 ± 1

8.4 ± 0.1

1

15.3 ± 0.3

0.71 ± 0.01

69 ± 1

7.5 ± 0.2

3

15.4 ± 0.3

0.70 ± 0.01

62 ± 2

6.8 ± 0.2

10

15.2 ± 0.3

0.68 ± 0.01

58 ± 1

6.0 ± 0.2

30

15.0 ± 0.4

0.68 ± 0.01

58 ± 2

6.0 ± 0.3

To determine if the improvement could also be seen for other active layer
systems, the lower-bandgap polymer PTB7-Th was employed with rippled a-ZnO, the
photovoltaic parameters shown in Table 5. Again, adding the dopant up to 10-1 mg/mL
did not change the FF and VOC of the devices; however, JSC increases from 17.5 to 19.2
mA/cm2 between pristine rippled ZnO and a film doped using a dopant concentration
of 10-2 mg/mL. This enhancement in JSC results in a PCE improvement from 8.3% to
9.0% with a high JSC of 19.2 mA/cm2 at a slightly higher, relative to the compact films,
dopant concentration of 10-2 mg/mL, which is expected with the higher concentration
of the sol-gel. As the trends in enhancement are very similar for the compact and rippled
ZnO films, it can be deduced that the improvement in the PCE and the IPCE is most
likely not related to morphological/phase formation differences but to common
electronic effects, such as the passivation of shallow traps, as discussed above.
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Table 5.5. The parameters of inverted PTB7-Th:PC71BM device with rippled ZnO
doped by different dopant concentration.
JSC (mA/cm2)

VOC (V)

0

17.5 ± 0.3

10-4

Concentration

FF (%)

PCE (%)

0.78 ± 0.01

61 ± 1

8.3 ± 0.1

17.7 ± 0.3

0.78 ± 0.01

62 ± 1

8.6 ± 0.1

10-3

18.4 ± 0.3

0.78 ± 0.01

62 ± 1

8.8 ± 0.2

10-2

19.2 ± 0.4

0.78 ± 0.01

60 ± 1

9.0 ± 0.2

10-1

18.3 ± 0.3

0.78 ± 0.01

60 ± 1

8.6 ± 0.2

(mg/mL)

As the improvements in performance at lower concentrations have been linked
to the population of atomic vacancies in the oxide, the role of the redox properties of
the Rh dimer upon these states was explored by employing weaker reductants.
Cobaltocene, which is a weaker, albeit often more reactive, metal-centered reductant (~
-1.3 V vs. ferrocene), and tetramethylammonium chloride, which has a moderately
sized cation but no doping potential, were also attempted in OPVs. The separate
materials were dissolved directly into ZnO sol-gels in 2-methoxyethanol in the same
fashion as [RhCp*Cp]2, in relevant concentrations of 10-5, 10-4, 10-3, and 10-2 mg/mL,
the oxide employed in inverted PTB7:PC71BM devices. The anticipated increase in JSC
is not observed with these materials upon dopant introduction into the oxide, as is
evident from the J-V curves in Figure 5.11, and, save a slight decrease in the FF, no
reproducible trends can be identified, suggesting that this effect is possibly tied to the
reducing strength and reaction kinetics of the Rh dimer and its effect upon the formation
of the oxide.
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Figure 5.11. J-V curves and device characteristics from doping of ZnO interlayers in PTB7/PC71BM OPVs with cobaltocene (left) and
tetramethylammonium chloride (right).
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5.2.8 Atomic Force Microscopy
An in-depth discussion of atomic force microscopy (AFM) relating to organic
photovoltaic devices was given in Chapter 1. For the work in this chapter, AFM was
conducted at the King Abdullah University of Science & Technology by Hanlin Hu on an
Agilent 5400 SPM in tapping mode, and analyzed with Gwyddion SPM analysis software.
Several solutions were prepared by mixing zinc oxide sol-gel solution (detailed in Section
5.2.1) with dopant molecules at concentrations ranging from 1 down to 10-4 mg/mL. These
thin ZnO films were produced by spin coating the sol-gel solutions on top of solvent and
UV-Ozone-cleaned ITO/glass substrate.
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Figure 5.12. AFM (1×1 µm) images of compact ZnO with dopant concentration (mg/mL)
as indicated. AFM was conducted at the King Abdullah University of Science &
Technology by Hanlin Hu.

Spin-coating of 0.11 M ZnO sol-gel solutions (with and without dopant) on ITOcoated glass at a high speed (4000 rpm) for 30 s results in a compact a-ZnO layer with a
thickness of ca. 10 nm, measured by ellipsometry and confirmed by XPS (as described in
Section 5.2.3). The surface morphology of the ZnO thin films, with and without dopant,
have been characterized by atomic force microscopy (AFM), as shown in Figure 5.12. The
pristine and doped ZnO thin films display minimal differences in morphology and
roughness, with nearly identical ZnO particulate size, even at higher concentrations of the
n-dopant.
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In contrast to the particulate morphology of compact ZnO, the rippled ZnO shows
much higher roughness with sharp protrusions and shallow valleys. Compared with pristine
rippled ZnO however, no significant surface morphological changes were observed for the
samples with dopant regardless of concentration. AFM topography images of pristine
rippled ZnO and 10-1 mg/mL doped, rippled ZnO were characterized as seen in Figure 5.13,
which confirms the lack of structural change upon dopant incorporation.

(a)

(b)

0 nm

0 nm

Figure 5.13. AFM (5×5 µm) images of rippled ZnO, (a) without and (b) with 10-1 mg/mL
dopant. AFM was conducted at the King Abdullah University of Science & Technology by
Hanlin Hu.

5.3

Conclusion

A method of incorporating a dimeric molecular dopant [RhCp*Cp]2 at various
concentrations into ZnO sol-gels and producing low-temperature-processed thin films, has
resulted in an improvement in OPV performance via the short-circuit current density for
lower dopant concentrations. Although increased conductivity and large shifts in work
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function are observed at high concentrations of dopant, it is not these properties that lead
to a better OPV in this minimally processed system, and indeed the precise activity of the
dopant is not clear in the sol-gel at these concentrations. Subtle changes in ZnO
composition occur as a result of added dopant, as observed via a change in the apparent
O/Zn ratio from XPS, leading to a reduction in Zn and/or O vacancy populations indicated
by the photoluminescence.
Due to the possibly of reactions between the dopant and the solvent or sol-gel
components, the nature of the rhodocene derivative in the forming oxide, and its effect
upon this process, have not been elucidated. As such these amorphous oxides cannot be
described as electrically doped, yet, as attempts with other additives have not produced the
same results, the changes in oxide formation appear to be related to the dopant’s reductive
strength. As indicated by previous literature, it is possible that the compositional changes
in the ZnO film have led to decreased charge trapping at the oxide/organic interface of
OSCs, resulting in enhanced current density and consequently improving the PCE. This
ZnO modification shows promise of universality, with improvements found for two
contrasting preparations of ZnO films and for different donor/acceptor blends, reaching a
maximum PCE of 9.4% (9.3% average) for PTB7:PC71BM, exceeding the current record
for inverted ZnO-on-ITO devices with this active layer. Continued studies of the effect of
additives on low-order solution-processed oxides may afford a greater understanding of
atomic ratios and vacancy/interstitial sites in these interlayers and their effects on OPV
performance.
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CONCLUSION AND OUTLOOK

6.1

Overview

The field of organic photovoltaics has been moving incredibly fast; during the years
that the work in this thesis was completed, it has expanded to include new techniques, such
as the widespread use of solvent additives, and new materials, such new heteropolymer
donors and non-fullerene acceptors, with constant challenges to the contemporary
understanding of the photophysical processes involved and of desired microstructures, and,
ultimately, to its potential as competitive source of alternative energy. In mid-2010 the
record efficiency was 8.1%;1 now power conversion efficiencies have exceeded 10%,2–8
long considered to be the barrier to industrial applications of the technology and, despite
Konarka’s bankruptcy in 2012, dozens of companies are working on OPV modules, the
earliest of which, Mitsubishi Chemical’s Solar Windows, are due to be released in late
2016.9 New developments regarding the topics of OPV morphological control, nonfullerene acceptors, and electrical doping, which are relevant to this thesis, have also
emerged.
This thesis has explored the introduction of additives with the intention of
addressing key barriers to electronic transport in organic photovoltaics, including the
anisotropicity of non-fullerene acceptor charge-transport in BHJ active layers, trap states
in hole-transporting polymers, and the low order and purity of solution-processed interlayer
oxides. The employment of these additives often had an effect on the morphology and
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microstructure of the active layer; these effects and their influence on the success of the
work were characterized. The purpose of this section will be to review the conclusions, and
accomplishments, in the previous chapters from the perspective of the OPV field, as well
as their limitations and some ideas for future improvements.

6.2

Non-fullerene Acceptors in Organic Photovoltaics

In Chapter 2, the poor performance of planar molecular perylene diimide (PDI)
derivative acceptors was discussed.10–12 As a result of their planarity and rigidity, many
organic small-molecule semiconductors such as these tend to phase segregate10 and exhibit
anisotropic charge transport,13–17 which in OPV BHJs leads to inadequate pathways for
charge carrier transport to the electrodes. The attempted solution was the incorporation of
two PDI-derived acceptors, a small molecule and a polymer, into a ternary blend with the
well-studied P3HT; the hypothesis being that the polymer would provide suitable electron
pathways to the electrode and thus increase the probability of leaving the active layer and
reaching the appropriate electrodes.
Though the materials demonstrated compelling blending behavior, as evidenced by
DSC, ternary organic photovoltaic devices prepared with P3HT, the small-molecule PDI,
and the polymer did not produce efficient OPV devices, indicating that the original
hypothesis was overly simplistic. Devices of P3HT with the polymer PDI gave acceptable
performances, ca. 0.7% PCE, for all-polymer OPV active layers at the time, but
incorporation of the small-molecule PDI into these active layers led to a reduction in device
performance via VOC and FF. To understand these performance decreases, a morphological
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study was conducted with AFM, DSC, and GIXRD, which offered evidence that the smallmolecule and polymer PDIs, originally selected for their miscibility, were blending
together to form a new, near homogeneous phase. Square wave voltammetry demonstrated
that an as-cast blended acceptor film shared a first reduction onset with the pure polymer
PDI, but annealing the film resulted in a cathodic shift of this onset, which could coincide
with an interruption of the polymer’s intermolecular electronic coupling. This hypothesis
was supported by a significant drop in the charge mobility of the acceptor phase observed
by TOF mobility upon blending of the two acceptors.
VOC and FF are affected by a number of properties, such as the carrier
generation/recombination rate at the donor/acceptor interface and transport through what
should typically be pure domains. Efficient charge separation in P3HT:PDI blends has been
established by Shoaee et al. using transient absorption spectroscopy;10 future work could
include similar experiments for the blends in this work, to determine more conclusively if
the hampered charge transport is facilitating a bimolecular recombination process. As
many of the materials employed in modern organic photovoltaics now have fairly low
short-range order,18–24 an understanding of the carrier transport of blended amorphous
phases could lead to superior molecular design and film-processing methods.
As a result of the incorporation of complex heterocycles and branched side-chains,
modern donor polymers have moved away from a reliance on short-range, π-π stacking
order for effective charge transport in BHJs, and it has been suggested that charges are
primarily transported along the backbone.25–29 Along with this decrease in the short-range
order of donor materials, non-fullerene acceptors have returned to prominence with PCEs
over 11%, rivaling fullerene-based devices.8,30–34 To achieve isotropic carrier transport
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through the BHJ, these small molecules exhibit non-planar, twisted structures to suppress
the tendency to form well-ordered, segregated domains. However, as a result they have
somewhat lower electron mobilities, ca. 10-4 cm2 V-1 s-1 by SCLC. Conversely, high
mobility naphthalene diimide-based acceptor polymers have also been used with newer
donor heteropolymers to achieve efficiencies up to 7.7%, their main issue being poor
absorbance compatibility, reducing effective overlap of the solar spectrum. 35–38 Future
work could include the incorporation of rylene-based polymers into OPV BHJs composed
of newer donor heteropolymers, such as PTB7-Th, and these twisted acceptors, to take
advantage of their high mobility backbone-based transport, provided they can be processed
in such a way as to reduce phase blending with the other materials.

6.3

Electrical Dopants in Organic Photovoltaic Devices

Chapters 3 and 4 explored the use of ultra-low concentrations of p-dopants in OPV
active layers in an effort to passivate in-gap trap states that hinder hole transport in OPV
BHJs. In Chapter 3, trap passivation in doped P3HT thin films was identified by
conductivity & photoelectron spectroscopy measurements. However, this effect did not
lead to an improvement in OPV performance of doped P3HT in BHJ active layers with
PC61BM, instead lowering performance. To understand this result, TEM, AFM, UV-vis
absorbance modelling, GIWAXS, and RBS were performed, and offered evidence that the
dopant was aggregating in amorphous regions, with increasing dopant loading leading to
increasingly large and well-separated aggregates. There was no compelling evidence of
dopant diffusion into P3HT crystalline phases, where hole transport is thought to occur.

243

The non-uniform in-plane and out-of-plane distribution of the dopants was seen to interrupt
the long-range order of P3HT phases by AFM, and possibly manifests itself in over-doped
pockets that increase energetic disorder inside the active layer, resulting in the decrease in
device performance. It was concluded that the use of these somewhat large (ca. 1 nm
diameter), nonplanar dopants could consistently lead to significant complications in wellordered systems.
For this reason, p-doping was attempted in two polymers known to exhibit low
short-range order: PTB7 and PCDTBT. Evidence of trap passivation in these two low-order
heteropolymers upon the introduction of molecular dopants was established again by
conductivity and photoelectron spectroscopy, however the implementation of these
polymer/dopant systems in OPV active layers with PC71BM yielded an improvement in the
JSC, increasing over 20% for devices with PTB7:PC71BM active layers. The photocurrent
growth was also identified in the IPCE, in which quantum efficiency increases for high
wavelength photons, as well as a red-shift of the low energy tail, were observed. However,
sufficiently high dopant concentrations, ca. 1 wt. % dopant and greater, led to a decrease
in FF and VOC, which could potentially be due to increased carrier concentrations.39
Structures of thin film microstructure, carried out by AFM and GIWAXS, did not offer any
evidence of dopant aggregation or interruptions of polymer morphology. Thus, the
hypothesis of this chapter was realized, ultra-low p-doping of OPV active layers resulted
in PCE and JSC increases in attempted material systems exhibiting low short-range order;
this approach has the potential to be applicable in other bulk heterojunction films with loworder organic materials.
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Despite the photocurrent improvements observed in chapter 4, the reduction in FF
remains to be explained. A possible hypothesis involves changes in film thickness and
refractive index upon additive introduction. Such an effect, although not substantialized by
profilometry or other methods, could account for the observed evolution of the IPCE and
the lower fill factors. However, several facts would oppose this theory as the sole
mechanism of OPV performance evolution. The performance improvements of doped
PCDTBT:PC71BM devices has been shown to be linked to the electron affinity of the
applied dopant, and the photocurrents in the PTB7:PC71BM devices exceed those in
literature exhibiting the same device structure. It is therefore more likely that the results
are a product of several effects, including trap passivation, refractive index and thickness
changes, and even morphological changes and new recombination pathways due to
localized increased carrier densities, that could be related to inhomogeneous dopant
distributions beyond the sensitivity of the performed experiments. Deconvoluting the
effects of the many properties that could be altered by dopant introduction could be the
focus of future work, such as attempting to adjust processing conditions to negate film
thickness changes or the introduction of non-dopant additives to alter the refractive index,
although such an endeavor might not be straightforward for the imperfect systems being
studied.
Based on the improvements produced in Chapter 4, there are a number of other
low-order polymers that ultra-low doping could be applied to, such as those in the
poly(benzodithiophene-co-thienothiophene)

and

poly(dithienobenzodithiophene-co-

benzodithiophenedione) families,7,40 which generate high efficiencies with a range of
acceptors, to determine if the success of this technique is truly order-limited. Low n-dopant
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concentrations could also then be used to passivate electron traps in BHJs with fullerenes
and the aforementioned new rylene-based acceptor small molecules and polymers, which
tend to exhibit low short-range order due to their non-planarity. Finally, this method of trap
passivation can be applied to other types of photovoltaic materials, such as perovskites and
quantum-dot PVs, work that is currently being explored with our collaborators, reinforcing
the impactful applicability of molecular dopants in solution-processed PVs as a whole.

6.4

Amorphous Oxide Interlayers in Organic Photovoltaics

Chapter 5 focused on the incorporation of a dimeric molecular n-dopant
[RhCp*Cp]2 at various concentrations into thin amorphous ZnO films, solution-processed
from sol-gels at low-temperatures, in an attempt to negate charge-transport and
reproducibility issues that originate from large defect concentrations. The introduction of
this dopant resulted in an improvement OPV efficiency, using the ZnO as an interlayer in
an inverted device, through the short-circuit current density, which was reflected in the
IPCE, but only for lower dopant concentrations. Increased conductivity and large shifts in
work function were found with high concentrations of incorporated dopant, but it was not
these properties that lead to a better OPV in this minimally processed system. XPS revealed
a progression in the ZnO composition, manifesting in a change in the apparent O/Zn ratio,
correlated to changes in the Zn and/or O vacancy populations as indicated by
photoluminescence experiments, which have been shown to decrease charge trapping at
the oxide/organic interface of OPVs.
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Though this methodology of dopant introduction was based on the thermal stability
of organic compounds under the processing conditions, the possibly of reactions between
the dopant and the solvent, 2-methoxyethanol, or sol-gel components is still possible.
Unfortunately, these sol-gels are typically cast from an alcohol which, if acidic, can lead
to dopant degradation via numerous pathways. Thus the nature of the rhodocene derivative
in the solution and in the forming oxide, and its effect upon sol-gel processing and oxide
growth, are not currently known. However, since this work was initiated, other methods
for ZnO manipulation via the introduction of organic species, such as fullerene derivatives,
decamethylcobaltocene, and 1H-benzoimidazole, have emerged; yet, these have not shown
OPV efficiencies as high as those included in this work,41,42 and ZnO layers incorporating
cobaltocene did not lead to OPV efficiency increases when fabricated in the present work,
indicating that correlations between dopant reductive strength, additive behavior and film
formation still need to be established.
In future work, the origin of the achieved ZnO compositional control in Chapter 5,
as well as the nature of the rhodocene derivative within the solution, sol-gel, or oxide can
be probed; further detailed studies of low-temperature solution-processed oxide formation
are required, ideally observing particle formation and growth with in-situ absorbance and
X-ray scattering, to properly understand how the introduced molecules are manipulating
film properties. Such an understanding may afford greater control of atomic ratios and
vacancy/interstitial sites in this and other low-temperature sol-gel oxide interlayers, such
as titanium, molybdenum, and vanadium oxides. Finally, this ZnO modification technique
exhibits the potential for universality in low-temperature sol-gel preparations, as it has led
to improvements in two differing formulations of ZnO films and for different
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donor/acceptor blends, reaching a maximum PCE of 9.4% for PTB7:PC71BM, exceeding
the current record for ZnO ETLs in inverted devices employing this active layer.19,41
Beyond OPVs, these techniques should be applied to other types of photovoltaic devices
that implement these types of interlayers, including again perovskites and quantum-dots,
to explore if and for what reasons these effects might be limited to OPV devices.

6.5

Outlook

Conclusively, this thesis has studied the incorporation of additives into systems that
contained a number of impurities and imperfections previous to their addition. While the
imperfection of these systems contributes to their appeal, as low-energy and facile
processing conditions are attractive for the eventual scale-up of organic solar cells, it has
increased the difficulty of determining the influence of the additives and their correlation
to material properties, as well as separating intended effects, such as electronic doping,
from unintended effects, such as refractive index or compositional alteration. Performance
improvements have been observed in certain systems, which can have industrial
applications if their universality is established in additional material systems, as has been
mentioned in previous sections. Though the electronic and morphological properties of
these systems have been thoroughly studied, the connection of efficiency improvements to
intended electrical doping has yet to be firmly established, and will require additional
studies. With such work, a greater command of the properties in these imperfect systems
may be realized which, at this time, seems to be a barrier that must be overcome in the
commercialization of these organic semiconductor devices.
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