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Abstract

One of the reasons for the low efficiency of organic solar cells (OSCs) is because the
relationship between morphology and molecular orientation of the organic semiconductors

and the performance and lifetime of the OSC is not well understood.

Theoretically, the morphology and molecular orientation of organic semiconductors
influence the three major processes that determine the performance of an OSC. These
processes are 1) light absorption, ii) exciton dissociation and iii) charge transport. The general
objective of this research work is to understand how the morphology of the active layers in
an OSC affects these three processes with the aim of gaining insights that can be used to
improve OSC efficiency and lifetime. The relationship between device physics and
morphology is studied by analyzing the photovoltaic performance, external quantum
efficiency, UV/visible absorption, charge conductivity and surface morphology of the

fabricated OSCs and relevant organic semiconductor active layers.

Chapters 5 and 6 in this work study the impact of varying the donor-acceptor ratio in
OSCs. The best OSC performance was found to occur at high fullerene concentrations due to
increased fullerene aggregation resulting in larger absorption and exciton dissociation in the
OSC. Building on this insight, OSCs comprising a mixed layer with high fullerene content
followed by a neat fullerene layer, was identified to possess the highest performance of all
other device architectures due to balanced charge generation and charge collection. Chapters
7 and 8 in this work study the impact of varying the molecular orientation of phthalocyanine
donor materials using templating layers on the performance and lifetime of planar
heterojunction OSCs. Templating layers force the phthalocyanine molecules to lie flat on the
substrate affecting the three main OSC processes. Depending on the combination of the
templating layer and phthalocyanine, different aspects of the OSC device physics are altered
leading to large differences in performance gains obtained from templating. Finally, it was
found that the morphology of the donor material affects the morphology of fullerene acceptor
deposited on top, which results in substantial variation in the lifetimes of

phthalocyanine/fullerene planar heterojunction OSCs.
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Chapter 1 - Introduction

It is often said that the sunlight incident on the Earth’s surface every hour has
enough energy to power human civilization for a year [1]. Harnessing this power source
in the near future is crucial to reduce our over-reliance on fossil fuels and reverse the

damage that we have already caused to our planet’s environment.

The adoption of green and renewable energy technologies has been on the rise in
the past decade. In the World Energy Outlook New Policies Scenario published by the
International Energy Agency (IEA), renewable electricity generation technologies are
expected to grow three times from 2012 to 2040 [2]. However, with regards to climate
change, the sobering reality is that this growth rate is not fast enough. Power generation
on a global scale must be switched to green energy sources as soon as possible if we are
to avoid catastrophic weather-related disasters in the next century [3,4]. Traditional
renewable energy resources like hydroelectricity and geothermal electricity are
approaching their installation capacity in many areas and have limited growth potential in
the future. Out of the remaining options, the most widely adoptable renewable energy
technologies are wind and solar photovoltaics (PV), which have showed an average
annual growth rate of approximately 25% and 50% in the past 5 years respectively [5].
The installed solar PV power generation capacity has risen from 1.5 giga-watts (GW) in
2000 to 67 GW in 2011 indicating that demand for solar power is strong and the market
is ready for widespread adoption. In order to exploit this demand and make ubiquitous
solar power a reality, the cost of solar PV systems must be drastically reduced so that

they can out-compete non-renewable energy sources.

There are several PV technologies in the market today that aim to deliver the cost-
savings necessary to make solar power a primary energy source. Most of the installed
solar PV power generation capacity so far (~85%) is provided by traditional “generation
1” PV technologies based on crystalline silicon. Many of these installations rely on large

governmental subsidies to make them cost competitive against non-renewable energy



sources. Newer “generation 2” PV technologies aim to drastically reduce the cost per
watt of solar PV by reducing semiconductor material costs. The most developed
generation-2 PV technologies use thin films of amorphous silicon (a-Si), cadmium
telluride (CdTe) or copper-indium-gallium-selenide (CIGS) as the semiconductor
material. The advantages of using these materials include low material usage per watt of
generated power, lower purification requirements and thinner and lighter modules. CdTe
and CIGS solar cells are relatively mature technologies that have already reached
efficiencies (~20%) and cost-per-watt (~$1 per Watt-peak) comparable to generation-1
PV technologies. Some of the world’s largest solar farms use CdTe panels instead of
crystalline silicon indicating that generation-2 PV technologies are slowly being adopted
[6]. The market share of thin-film generation-2 PV is hovering around 15% and expected
to grow in the future. However, even these generation-2 PV technologies have not
reached a level of cost-competitiveness with non-renewable power generation sources
that would allow for global adoption. In addition, CdTe and CIGS solar cells rely on
using elements that are rare in the Earth’s crust or possess significant health risks, which

can raise concerns when it comes to mass-production on a global scale.

Organic solar cells are an emerging generation-2 solar PV technology that
promise to provide the cheapest cost-per-watt with the bonus of easy and safe scale-up
possibilities for global mass-production. OSCs are made using organic semiconducting
materials that can be easily synthesized using safe and commonly available materials in
batch processes and fabricated on a large scale using roll-to-roll solution coating or
vacuum deposition methods. However, OSCs as a technology, are still in its infancy. The
best research cells [7], fabricated by Heliatek GmbH., show 12% efficiency, which is
much lower than the 20% efficiency of CdTe or CIGS solar cells. The sub-module
efficiencies of OSCs are even lower at a reported 8% [8] with cost-per-watt ranging in
the $11-12 watt-peak range [9]. In order to make OSCs cost-competitive with other PV
technologies and eventually, enable solar power on a global scale, extensive research is
needed to improve their efficiencies and lower their cost. Assuming 15% module
efficiency can be attained using a mass-producible technique such as roll-to-roll

processing, OSCs can deliver sub-dollar per watt solar energy on a global scale [10]. The



following sections detail the fundamentals of OSCs and discuss the active areas of

research and improvement for this technology.

1.1 Physics of organic semiconductors

Organic semiconducting molecules possess carbon chain backbones with
conjugated m-orbitals for electron or hole conduction. Molecules with conjugated =-
orbitals have alternating carbon to carbon single and double bonds in their backbone. For
example, in the simple molecule ethylene (C;Hs), each carbon atom is bonded to two
hydrogen atoms and double bonded to the other carbon atom. Therefore, each carbon
atom is sp” hybridized with the p, orbitals left unhybridized. The p, orbitals of each
carbon atom possess weak interactions and form a delocalized state above and below the
ethylene molecular plane due to electron cloud overlap. Due to the weak nature of the n-
orbital interactions, the m bonding molecular orbital and the m anti-bonding molecular
orbital represent the lowest energy electronic excitation in the molecule. As such, the ©
bonding orbital is labeled the highest occupied molecular orbital (HOMO) and the & anti-
bonding orbital is labeled the lowest unoccupied molecular orbital (LUMO). This is

schematically shown in Figure 1 [11].

Unhybridized p, orbitals

H H
\c=c/ |:> & — 5
H M| H SH

- 0 bond
---- 1t bond

Figure 1: Bonding structure of ethylene. Reproduced with permission from ref. [11].

Most organic semiconductors used in organic light emitting diodes (OLEDs),

organic solar cells and organic thin film transistors (OTFTs) posses extended conjugated



systems that determine their luminescence and electronic properties. Examples of a few

popular organic semiconductors are shown in Figure 2.
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Figure 2: Examples of a few popular organic semiconductors and their applications

Depending on the device structure employed, the same organic material can be
used for different functions. For example, single crystal rubrene displays the highest hole-
mobilities in OTFTs and is also used as a dopant in the fabrication of white-light OLEDs

due to its electroluminescent properties.



As the extent of conjugation increases in a molecule (i.e. the conjugated chain
becomes longer), the HOMO and LUMO energy levels broaden into band-like states
similar to the valence and conduction bands found in inorganic semiconductors. The
origin of this band broadening is due to the Pauli exclusion principle that states that no
two electrons can occupy the same quantum state simultaneously. In order to
accommodate the increased number of = electrons, the m molecular orbitals split into
multiple energy states. As a result of the broadening of the HOMO and LUMO bands, the

band-gap of the molecule decreases as the conjugation increases.

Molecules with large conjugated groups typically show red shifted absorption and
emission spectrums. Similarly, when many molecules are present in close proximity, such
as in a thin-film, the HOMO and LUMO bands broaden even more, resulting in a further
lowering of the band-gap energy. When the emission spectra of the same organic
molecule in solution and film are compared, the emission of the film shows a red shift
due to the lowering of the band-gap. The origin of the band splitting in thin-films is due
to the stacking of the m -orbitals of neighbouring molecules on top of the each other,

resulting in further energy level splitting.

When light is in incident on an organic molecule, an electron from the HOMO is
excited to the LUMO. The excited molecule has one electron in the LUMO and one
electron in the HOMO. The vacant energy state left in the HOMO is known as a “hole”.
The electron and hole are coulombically attracted to each other resulting in a formation of
an electron-hole bound pair called an exciton. When excitons are formed in an organic
film, they can recombine (radiatively or non-radiatively), diffuse through the film from

molecule to molecule or dissociate into separate electron and hole charge carriers.

Exciton diffusion happens primarily through two energy transfer processes —
Forester and Dexter energy transfer. Forester energy transfer relies on the creation of
dipole moments in molecules neighboring the excited molecules. When the excited

molecule relaxes, the energy is transferred to the neighboring molecule and therefore, an



exciton is created there. This relies on strong overlap between the emission and
absorption spectra of the involved molecules and can happen over distances up to 10 nm.
In Dexter energy transfer, an electron is directly transferred from the LUMO of an
excited molecule to the LUMO of a neutral molecule. In exchange, a hole is transferred
from the neutral molecule to the excited molecule. This process strongly depends on the
distance between the molecules and the overlap of the molecular orbital wave functions

and therefore happens over a very short distance, usually 5-10 angstroms.

Charge transport of free electrons and holes in organic semiconductor films can
be divided into intra-molecular transport and inter-molecular transport. Intra-molecular
transport of electrons and holes is extremely efficient due to the presence of a large
number of delocalized band-like states. Inter-molecular transport is much less efficient
because the free electrons and holes must “hop” over an energy barrier to be transferred
to another molecule. This model of transport is commonly called “hopping transport”
[12]. When the intermolecular distance is low and m-orbital overlap of neighbouring
molecules is high, the energy barrier for transport is quite low and almost resembles band
transport. However, when the intermolecular distance is high and n-orbital overlap is low,

the energy barrier is high and charge transport occurs via hopping.

1.2 The Influence of Morphology and Molecular Orientation

In a thin-film of organic semiconductor, absorption, exciton diffusion and charge
transport are heavily dependent on the morphology, order and orientation of the
molecules in the film. The absorption of light by an organic molecule is dependent on the
angle between the electric field of the incident photon and the transition dipole moment
of the molecule [13]. If the transition dipole moment is parallel to the electric field of the
incident photon, absorption is maximized. If the transition dipole moment is
perpendicular to the electric field of the incident photon, absorption is minimized.
Depending on the orientation of the molecules in the film and the angle of incident light,

absorption can vary by several orders of magnitude for the same material.



The diffusion of excitons is heavily dependent on the crystallinity and grain size
of the organic film [14]. If the molecules are arranged in polycrystalline domains, exciton
diffusion length will be maximized due to lower intermolecular distance and increased
spatial overlap between the molecular orbitals of neighbouring molecules resulting in
efficient Dexter energy transfer. If there is significant disorder in the molecules of the
organic film, exciton diffusion will primarily happen through the Forester mechanism and
will be inefficient beyond 10 nm distances. Crystalline films show over four times greater

exciton diffusion lengths than amorphous films of the same material.

Finally, charge transport in an organic film is also crucially dependent on the
intermolecular distance and crystalline order in the film [12]. Molecules arranged in
polycrystalline domains with large degree of n- m orbital stacking would show the best
charge mobility in the n- © stacking direction. The charge mobility in the direction of n- ©
stacking in an organic film is typically several orders of magnitude higher than the charge
mobility in the out-of-plane direction. Decreasing the intermolecular distance (which
decreases the - m stacking distance) and increasing the crystallinity of an organic film
will serve to increase charge mobility in the film. Disordered films would have large
“hopping” energy barriers due to low n—orbital overlap and large n- © distances that will

reduce charge mobility in the film.

1.3 Device Structure and Operation of Organic Solar Cells

In order to obtain photovoltaic performance, the excitons generated in an organic
semiconductor must be separated into free charge carriers and collected at different
electrodes. Early renditions of organic solar cells consisted of one organic semiconductor
sandwiched between an anode and cathode. One of the most commonly used materials
for this purpose was metal-substituted phthalocyanines like copper phthalocyanine
(CuPc) shown in Figure 2. In these early cells, the Schottky junction formed between the
semiconductor and the metal electrode dissociated the excitons formed in the organic

semiconductor. The current produced by these cells was quite low because the exciton



dissociation happened only at the metal/organic interface and some excitons were

quenched by the metal [15].

In 1986, Tang introduced a double layer OSC comprising of a heterojunction
formed between two different organic materials called the donor and acceptor [16]. The
HOMO and LUMO energy levels of the donor and acceptor are staggered so that the
donor energy levels are higher than the acceptor energy levels. In this so-called planar
heterojunction (PHJ) OSC, exciton dissociation primarily happens due to charge transfer
between the donor and acceptor species. Since the energy level offset between these two
species was quite large, the exciton dissociation process was quite efficient and the
current produced by these cells was greatly increased. Metal-substituted phthalocyanines
are one of the most often used and well-studied donor materials and Cgy or Cy¢ fullerenes

are the standardly used as acceptors.

Further improvement in OSC device performance came when these donor and
acceptor materials were blended together to form bulk-heterojunctions (BHJ) [17]. BHIJs
increased the exciton diffusion area hence, the exciton dissociation rate and enabled even
higher currents to be extracted from OSCs. However, due to the mixing of donor and
acceptor materials, charge transport in BHJ OSCs is quite poor compared to planar
junction OSCs since complete percolation paths for holes and electrons towards their
respective electrodes are limited in number. In order to address this issue, planar mixed
heterojunction (PMHJ) OSCs were fabricated where the BHJ layer was kept thin (10 nm
at most) and sandwiched between neat donor and acceptor materials. The BHJ layer
increased exciton dissociation and the neat donor and acceptor materials transported the

charges to the electrodes efficiently.

In a typical OSC stack, the anode is transparent and made out of indium tin oxide
(ITO). The cathode is usually a low work function metal with aluminum and silver being
popular choices. Large efficiency increments in OSCs have been brought about by the
use of anode and cathode interfacial layers. Anode interfacial layers such as molybdenum

trioxide (MoQOs) increase the work function of the anode [18,19]. A large anode work



function allows for the formation of an ohmic contact between the anode and the donor
material leading to better collection of holes. Cathode interfacial layers are also known as
exciton blocking layers (EBL). The function of the EBL is to prevent damage to the
underlying organic layers during cathode metal deposition and also prevent excitons from

being quenched by the metal cathode [20,21].

Schematics of PHJ and BHJ OSCs with typical layer thicknesses are shown in
Figure 3a and Figure 3b respectively.

a Aluminum - 100 nm b Aluminum - 100 nm
EBL-5to 10 nm EBL-5to 10 nm
Acceptor - 20 to 30 nm Donor:Acceptor Blend
Donor - 10 to 15 nm 20 - 50 nm
MoO3 -5 to 10 nm MoO3 -5 to 10 nm
ITO ITO
Glass Glass

Figure 3: Schematic of a) PHJ OSC and b) BHJ OSC with typical thicknesses

In summary, the photogeneration processes inside a heterojunction organic solar cell

can be stated as follows:

1) Absorption of light and formation of excitons

i) Diffusion of exciton to donor/acceptor interface

ii1) Charge transfer and formation of a charge transfer exciton

v) Separation of charge transfer exciton into free charge carriers

V) Drift of free charge carriers towards the electrodes influenced by the built-in

electric field



1.4 Photovoltaic Performance of an Organic Solar Cell

The performance of organic solar cells is characterized by three important
photovoltaic performance parameters — the short-circuit current density (J.), open-circuit
voltage (Vo) and fill-factor (FF). Figure 4 shows the photovoltaic parameters on an

typical J-V plot [11].
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Figure 4: Photovoltaic parameters of a solar cell. Reproduced with permission from ref.

[11]

The dark current is obtained by applying a sweeping voltage without illumination.
The total current — which is a geometric sum of the dark and photocurrents - is obtained

when the same voltage sweep of the device is carried under with illumination.

The Ji represents the maximum photocurrent generated by the device and is
defined as the current produced by the solar cell when the applied bias is 0 V. The V.
refers to the maximum voltage developed across the electrodes of the solar cell and is
defined as the voltage produced when the current flow across the solar cell is 0 A or
when the photocurrent and dark current cancel each other out. The fill-factor is a measure
of the square-ness of the J-V curve and is represented by the formula:

_ ImaxVmax

FF
JscVoc
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Finally, the efficiency of the solar cell is given by the formula:
JscVocFF

Efficiency (n) = P

Where Py is the incident photon power intensity in Watts per meter squared.

1.5 Factors Limiting the Efficiency of Organic Solar Cells

Following from the previous mechanistic explanation of the operation of organic
solar cells presented in Section 1.3, the factors affecting photocurrent generation in an

OSC can be identified as:

1) Absorption (Abs)

i1) Excition diffusion (ED)
iii) Charge separation (CS)
v) Charge collection (CC)

Therefore, the efficiency of electron collection as a function of photon energy,

called external quantum efficiency (EQE), can be represented as:

NeQe = NabsNepMcsNcc

The absorption efficiency is an intrinsic property of the material and the
morphology of the deposited thin-film. In a typical OSC, the absorption spectrum
displays two broad regions of donor absorption and acceptor absorption but does not
cover the entire spectrum of light incident on it. As such, this is one of the key factors for
efficiency loss in a single-junction OSC. Secondly, as mentioned in Section 1.2, the
absorption of an organic material is maximum when the electric field of the incident
photon is parallel to the transition dipole moment (p) of the organic molecule. In an OSC,
this means that the organic molecules must be oriented with their transition dipole
moments parallel to the substrate. The transition dipole moments of organic molecules

are along the plane of the C=C back bones which means that the molecular plane must be

11



oriented parallel to the substrate to maximize the absorption of an organic molecule. Most
common donor materials orient themselves with their molecular planes perpendicular or
tilted to the substrate, which results in absorption loss. Finally, in an OSC, reflections
between the anode and cathode gives rise to an interference pattern that affects the optical
field distribution in the device and hence the absorption efficiency of the entire OSC
stack. This distribution can be modeled by using the dielectric constant and the layer

thicknesses [22].

The exciton diffusion efficiency is related to the exciton diffusion length in the
material. It is an intrinsic property of the material as well as the morphology of the
deposited thin-film and active layer. As mentioned in Section 1.2, highly ordered films
have greater exciton diffusion lengths than amorphous films. Increasing the crystallinity
and grain size of a donor or acceptor leads to greater exciton diffusion in that layer. As
exciton diffusion length (Lp) increases, a larger number of excitons can get to the
donor/acceptor interface and thus become dissociated. However, if the grain sizes are too
big, then the exciton diffusion area will be reduced which can result in a decrease in

exciton diffusion efficiency.

Exciton dissociation occurs by electron transfer from donor to acceptor
molecules. An important factor affecting this charge transfer efficiency in a
heterojunction OSC is the energy level offset between the donor and acceptor. A
minimum of 0.2-0.3 eV offset is required for charge transfer in most cases [17,22]. If the
offset is not sufficiently large, then the exciton dissociation efficiency drops
tremendously. The charge transfer efficiency is also greatly dependent on the relative
molecular orientations of the donor and acceptor materials [23]. For example, in a PHJ
OSC composed of the archetypal donor material copper phthalocyanine (CuPc) and
common electron acceptor (Cgp), the charge transfer and subsequent exciton dissociation
rate was found to be four times higher when the CuPc molecules were face-on with
respect to the Cgp molecules than edge-on. This suggests that increased n orbital overlap

between donor and acceptor materials leads to increased charge transfer. In both PHJ and
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BHJ OSCs, the relative orientations of donor and acceptor molecules are poorly

controlled leading to suboptimal exciton dissociation efficiency.

Finally, the charge collection efficiency is dependent on the mobility of charges in
the material and the nature of the organic/metal interface. As mentioned in Section 1.1,
the mobility of charges in a material is critically dependent on the thin-film morphology
of the deposited material. Ordered films with greater molecular orbital overlap and n-n
stacking show greater charge carrier mobility than amorphous films. In order for
maximum charge collection efficiency in an OSC, the n-n stacking direction must be
perpendicular to the substrate so that the electrons and holes can have the best mobility to
move towards to the cathode and anode respectively. However, the n-n stacking direction
in most OSCs is poorly controlled and often is parallel to the substrate leading to large
decrease in charge mobilities in the organic thin films. Increasing the crystallinity and
grain-sizes of the organic materials also improves charge mobility and hence charge
collection efficiency. In typical OSCs, the grain sizes are not well controlled resulting in

sub-optimal charge collection efficiencies and lower FF.

The V, of heterojunction OSCs is determined by the difference between the
energy levels of the HOMO of the donor and LUMO of the acceptor. This is the bandgap
of the charge transfer exciton that is formed after dissociation. The commonly accepted

formula in a heterojunction solar cell for the Voc is given by:
1
Voc = E(lEI‘-iIgrfv[Og - |E21516vlegwr|) — 0.3V

The 0.3V factor represents energetic losses at organic/metal interfaces due to band
bending and Fermi level pinning [24]. Increasing the V. requires increasing the charge
transfer exciton band-gap and reducing interfacial losses. It is critically dependent on the
intrinsic properties of the donor and acceptor materials and also on the morphology of the
OSC. The relative orientations of donor and acceptor materials has also been shown to

affect the V. [25]. Better donor/acceptor orbital overlap leads to easier charge transfer
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and hence, reduced energetic losses within the cell. As a result, the V. is found to
increase. Increasing crystallinity of the organic molecules can lower the band-gap due to
increased m- m stacking. As a result, the V. could be reduced due to decreased bandgap
of the charge transfer exciton. In most OSCs, the relative orientations of the donor and
acceptor as well as the crystallinity of the deposited layers are poorly controlled, resulting

in sub-optimal V. and efficiency.

There is a fundamental trade off between absorption, exciton dissociation and
charge collection in OSCs. If the organic layers are made thicker in a PHJ OSC, the
absorption increases but results in a drop in exciton dissociation due to lower number of
excitons being able to reach the donor/acceptor interface. Charge collection also suffers
because the dissociated free carriers have to travel additional distance through the organic
materials. In a BHJ OSC, increasing the mixed layer thickness increases absorption but
severely hampers charge collection due to low number of electron and hole percolation
paths to the cathode and anode respectively. Large BHJ thicknesses increase the
probability of electron and hole recombination since the charges have to travel an

additional distance in the active layer to reach the electrodes.

1.6 Organic Solar Cell Materials and Fabrication Technologies

There are two main classes of organic semiconductor molecules that are used in
organic solar cells — small molecules and polymers. Initially, research efforts were
focused on polymer OSCs due to their promising performance. The most well studied
polymer OSC system is composed of a thiophene backbone polymer, poly-3-
heyxIthiophene (P3HT) as the donor material and a fullerene derivative, 1-(3-
methoxycarbonyl)propyl-1-phenyl[6,6]C61 (PCBM), as the acceptor material. However,
due to the identification of new small molecule semiconductors and better understanding
of device physics and architectures, small-molecule based OSCs have matched and in
some cases, exceeded the efficiency of polymer OSCs. The most well studied small
molecule donor materials are metal-substituted phthalocyanines. Cg or C79 is commonly

used as the acceptor in small molecule OSCs. Small molecules possess several
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advantages over polymer materials. Namely, small molecule materials are easier to
synthesize and purify in batch processes and have a well defined molecular structure [26].
Both polymer and small molecule OSCs report efficiencies reaching 8-10% [27-29]. The
record efficiency holder for organic solar cells belongs to Heliatek GmbH who have
demonstrated 12.0% efficiency with vacuum deposited tandem small molecule OSCs [7].

Polymer solar cells do not lag far behind with Mitsubishi Chemical claiming 11.1% [8].

Organic solar cells are fabricated either by vacuum deposition or solution processing.
Vacuum deposition is applicable to fabricating OSCs with small molecules or oligomers
that do not decompose before evaporating. Solution processing is compatible with
polymer materials and small molecules with good solubility. There are several

advantages and disadvantages to these two techniques that are summarized in

Table 1 [11].

Table 1: Comparison of Vacuum Thermal Evaporation and Solution Processing

Vacuum Thermal Evaporation Solution Processing
Advantages: Advantages:
- Angstrom level thickness control - Lower equipment costs due to lack

of vacuum chambers
- Ability to deposit multi-layer

structures with little to no - Less material waste
intermixing
- Simpler process that is compatible
- Co-evaporation and fine percentage with large batch fabrication
doping

- Ability to deposit metals and
inorganic materials such as
dielectrics and salts

Disadvantages: Disadvantages:
- Large quantities of wasted material - Lack of fine control over thickness
due to isotropic evaporation and film uniformity
- Expensive vacuum equipment and - Multilayer structures only possible
startup costs if solvent doesn’t dissolve materials

in the previous layer

- Incompatible with materials that
decompose before their evaporation - Incompatible with materials that
temperature have low solubility
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Chapter 2 - Background and Literature Review

Chapter Summary
In this chapter, a background and literature review of the following topics is provided:
- Phthalocyanine donors and fullerene acceptors
- Controlling the donor-acceptor ratio of bulk heterojunction OSCs

- Templating layers used in planar heterojunction OSCs

Phthalocyanine donors and fullerene acceptors are the most commonly used donor-
acceptor material combination in OSC literature. Phthalocyanine donors are seen as the
stereotypical small-molecule donor material and are widely used due to their ease of
synthesis and purification, low cost and large variation in optical and electronic
properties. Fullerene acceptors, such as C60 and C70, are the most commonly used
acceptor material in literature because they have high electron mobility and possess ideal

energy levels for dissociation of excitons formed in phthalocyanine donors.

The donor-acceptor ratio is a critical parameter that influences the efficiency of the
bulk-heterojunction layer in a BHJ OSC by modifying the phase-separation and
aggregation of donor or acceptor molecules. Excluding molecular design and
modification of the donor-acceptor materials, controlling the donor-acceptor ratio is one
of the main methods of modifying the morphology of the bulk heterojunction. However,
existing explanations fail to explain the full extent of how varying the donor-acceptor

ratio in a OSC affects its device physics, morphology and overall performance.

Templating layers are used to control the morphology and molecular orientation
of phthalocyanine donor materials in planar heterojunction OSCs. When deposited on
substrates without templating layers, phthalocyanines molecules arrange themselves with
their molecular planes perpendicular to the substrate. However, when deposited on top of
templating layers, phthalocyanine molecules lie with their molecular planes parallel to the

substrate. Using templating layers is a simple method to study the effect of morphology
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and molecular orientation on the performance of planar heterojunction OSCs. Since
templating layers are a recent phenomenon, comprehensive studies on how templating
layers affect the device physics of phthalocyanine PHJ OSCs have not yet been

conducted.

2.1 Donor and Acceptor Materials

Most of the work in OSC literature has been focused on phthalocyanine based
donor materials. Phthalocyanines are a versatile class of small molecules that are easily
available and widely regarded as a stereotypical small-molecule donor material [1,2].
Substituting various metal atoms in the center of the phthalocyanine molecule can control
various properties such as HOMO-LUMO energy levels, crystal structure and molecular
orientation. Examples of single substituted divalent phthalocyanines are zinc
phthalocyanine (ZnPc), copper phthalocyanine (CuPc) and lead phthalocyanine (PbPc).
Double substituted trivalent phthalocyanines include chlorine aluminum phthalocyanine
(ClAlPc) and chlorine indium phthalocyanine (ClInPc) and tetravalent phthalocyanines
include titanium oxide phthalocyanine (TiOPc) and vanadium oxide phthalocyanine
(VOPc). Vacuum deposited thin films of phthalocyanines are polycrystalline and show a
herringbone packing structure which is considered a stereotypical morphology of many
classes of small molecules. Figure 5 shows the molecular structure of un-substituted
phthalocyanine and its herringbone packing structure with typical lattice spacings [3]. At
room temperature, HoPc molecules orient themselves perpendicular to the substrate with
their b-axis parallel to the substrate. The n- m stacking direction is along the b-axis
phthalocyanine molecules. Therefore, phthalocyanines demonstrate their best optical and

electrical properties along this axis.
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Figure 5: Molecular structure of un-substituted phthalocyanine and a schematic of its
herringbone packing with typical lattice spacings. Adapted from ref. [3].

The crystal structure of phthalocyanines deposited on a substrate is determined by
weak Van der waal’s interactions between the phthalocyanine molecules and also the
interaction between the phthalocyanine molecules and the substrate. As a result, different
polymorphs of the same phthalocyanine material can be obtained depending on
deposition conditions and post deposition treatment. This also makes phthalocyanines
ideal candidates to study the influence of deposition conditions and post deposition
treatments on film morphology and device performance. Therefore, a large portion of

literature focuses on these materials.

Fullerenes (Cso and C7g) are commonly used as acceptor materials in literature due
to their high performance and common availability. Due to the deep HOMO and LUMO
levels of fullerenes, they are efficient exciton dissociating acceptors when paired with
many donor materials and due to extensive charge delocalization, they posses high
electron mobility. As a result, fullerenes are very versatile and can be used in almost any
device structure. Also, due to their spherical shape, their absorption and charge transport
properties are isotropic which helps limit the number of variables when studying the

properties of a phthalocyanine/Cgy OSC.

2.2 Donor Acceptor Ratio

The donor-acceptor ratio is a critical parameter that influences the efficiency of a

bulk heterojunction OSC. Despite being easy to control, the effect of the donor acceptor
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ratio on the BHJ morphology and OSC performance has not been studied thoroughly.
Most of the few works in literature have focused on phthalocyanine and Cso BHJ OSCs.
In general, the donor-acceptor ratio controls the phase separation and aggregation of the
donor and acceptor materials. At very high concentrations of either the donor or acceptor
material, the material that is present in lower concentration tends to phase separate out of

the mixture.

Sullivan et. al. first reported that the morphology of 1:1 CuPc:Cgy mixed layer is
amorphous with no significant evidence of phase segregation [4]. By comparing
CuPc:Cgp mixed layer absorption spectra with neat CuPc and CuPc in solution, they
proposed that phase separation isn’t significant unless either the donor or acceptor is
present at very high concentrations (>75%). A follow-up work by Heutz et. al. observed
that phase separation is significant at 25% CuPc concentration. Large crystallites of either
CuPc or Cgy were observed via atomic force microscopy (AFM) imaging at 25% CuPc
concentration. Interestingly, phase separation wasn’t observed at 75% CuPc
concentration indicating that the CuPc aggregation is strongly disrupted by the
introduction of small concentrations of Ce in the mixed layer. Optimum CuPc:Cg OSC
performance was observed at 75% CuPc concentration in the mixed layer indicating that
the charge mobilities in the OSC were balanced at this mixing ratio. Opitz et. al
measured the field effect mobilities as a function of CuPc:Cep mixing ratio [5]. At 1:1
CuPc:Cg mixing ratio, the electron mobility was in the order of 10~ whereas the hole
mobility was on the order of 10, At 3:1 CuPc:Cy concentration, the hole and electron
mobilities were both on the order for 10™*. They also observed phase separation at 1:1
CuPc:Csp mixing ratio when deposited on heated substrates at T, = 375 K. Higher CuPc
concentrations (3:1 CuPc:Cg) still did not show significant phase separation even at

elevated substrate temperature.

Significant interest in studying the effect of the donor-acceptor ratio was
generated when Zhang et. al. demonstrated donor:fullerene OSCs with surprisingly high
efficiencies (>5.0%) utilizing mixed layers with very low donor concentration (5%

donor) [6]. A wide variety of donor materials were able to provide high performance as
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long as the donor concentration was kept very low and the acceptor used was either Ceo
or Cy9. The high performance of these cells was partly attributed to the high V, arising
from the formation of a Schottky junction between a high-workfunction anode and the
fullerene. The Ji of these low donor concentration cells is also much higher compared to

cells with higher donor concentration.

Several groups have attributed this increase in Ji to more efficient phase
separation and balance of charge mobilities when the donor material is present in low
concentrations. Pandey et. al. found that phase separation was present at 20% SubPc
concentration in a SubPc:Cgg blend layer using transmission electron microscopy (TEM)
[7]. Both 10% SubPc concentration and 50% SubPc concentration showed amorphous
films. Zheng et. al. reported similar observations for 5% tris[4-(5-phenylthiophen-2-
yl)phenyl]amine (TPTPA):C7blends [8]. Using cross-sectional TEM, they found 20 nm
sized domains of C7y and 4 nm sized domains of TPTPA in 5% TPTPA:C; blend layers.
Figure 6 shows the cross-sectional TEM images of 5% TPTPA:C;y OSCs from ref. [8].
The white domains belong to C7 while the black dots belong to TPTPA. In a follow up
study, they reported similar observations with low concentration pentacene and
dinaphtothieonothiophene (DNTT) mixtures with C79 [9]. One of the reasons for the
surprising performance of these low-donor concentration OSCs is due to the nano-scale
phase separation between donor and acceptor and the resulting balance of charge carrier

mobilities.
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(b)

The white domains are Cy
and black dots are TPTPA.

Figure 6: Cross-sectional TEM of TPTPA:C70 OSCs at 5% TPTPA Concentration.
Reproduced with permission from ref. [§]

2.2.1 Unanswered Questions

Phase separation and balanced charge carrier mobilities cannot completely
explain the large increase in Js in low-donor concentration OSCs. When the donor
concentration decreases, the absorption by the donor molecules also decreases. Since the
donor absorption plays a large role in determining the photocurrent of the OSC, the Js
should decrease as the donor concentration decreases. Furthermore, as the donor
concentration decreases, the percolation path of holes to the anode should also decrease
leading to higher recombination and further reduction of Ji. and FF. However, the inverse
effect is observed in these low-donor concentration OSCs and there are no mechanistic
explanations for this phenomenon in literature. More research is required in order to
examine the reasons behind varying J,. as a function of donor/acceptor ratio and whether
the morphology of the mixed layer contributes to this effect. The first objective of this

research work is to answer this question.
Secondly, mixed donor-acceptor layers are found in a wide variety of OSC device

architectures such as the planar-mixed heterojunction (PMHJ) where the mixed layer is

sandwiched between neat layers of donor and acceptor materials. The PMHJ architecture
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has shown to improve the fill factor of OSCs to a great extent due to better charge
transport properties arising from the use of the neat layers. In addition to the PMHJ,
hybrid devices such as a BHJ with a neat electron-transport layer or a BHJ with a neat
hole-transport layer have also been used in literature with a variety of materials.
However, there are no studies in literature that examine the effect of varying the donor-
acceptor mixing ratio in all of these device architectures. The device physics of an OSC
varies greatly depending on the device architecture used. Conclusions drawn about the
effect of the donor-acceptor mixing ratio in any one of the device architectures might not
necessarily ring true for the others. Therefore, in order to completely understand the
effect of the donor-acceptor mixing ratio and it’s associated morphological changes on
the performance of OSCs, it is necessary to investigate all possible OSC device
architectures. Examining the effect of varying the donor-acceptor ratio in all OSC device

architectures is the second objective of this research work.

2.3 Templating Layers

Molecular templating refers to the phenomenon in which the morphology of the
template layer substantially influences the morphology of the layers deposited on top.
The templating phenomenon has been studied quite extensively in literature, mostly in
phthalocyanine materials. The molecular orientation and crystal structure of vacuum
deposited polycrystalline organic materials are determined by molecule-molecule
interactions and molecule-substrate interactions. In phthalocyanines, the interaction
between phthalocyanines and the templating layer are much stronger than the interactions
between other phthalocyanine molecules. As a result, the molecular orientation of the
first deposited phthalocyanine layer is affected by the presence of the templating layer.

This effect then propagates to subsequently deposited phthalocyanine molecules.

Bayliss et. al. first reported its observation in H,Pc films in the year 2000 [10].
They grew three different phases of H,Pc film by deposition at room temperature (o
phase), room temperature deposition followed by annealing at 320°C for 2 h (B; phase)
and deposition on heated substrates at Tqp = 330°C (B, phase). Subsequently, they
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examined the effect of growing a-H,Pc on top of an underlayer of 3, and B, H,Pc as well
as the effect of growing B,-H,Pc on B,-H,Pc and ,-H>Pc on B,-H,Pc. In all cases, they
found that the film grown on top had adopted the same phase as the film underneath
which firmly suggested that the first deposited layer acted as a molecular template for all

subsequent layers.

In a follow up work, Heutz et. al. found that perylene-3, 4, 9, 10-tetracarboxylic
dianhydride (PTCDA) can strongly template H,Pc [3]. When deposited on a substrate at
room temperature, H,Pc is obtained in its a-phase where the molecules are packed in a
herringbone structure with the molecular planes perpendicular to the substrate. When
deposited on PTCDA, H,Pc adopts an extremely different crystal structure where its
molecules lie parallel to the substrate, similar to that of the PTCDA molecules. Figure 7a
shows the top down view of a PTCDA unit cell on a substrate and Figure 7b shows the
top down view of H,Pc stacking when deposited on a substrate at room temperature [3].
Figure 7c¢ shows the side view of H,Pc when deposited on top of PTCDA highlighting the
change in molecular orientation from perpendicular to the parallel to the substrate [3].
Interestingly, when PTCDA was deposited on top of a-H:Pc, the crystal stacking of
PTCDA was inhibited to such an extent that it was x-ray amorphous. Heutz also found
that the templating effect extended for thick films —a 15 nm film of PTCDA was enough
to template a 190 nm thick film of H,Pc.

(@) (b)
[010] 24.0 A4

Figure 7: a) Top down view of PTCDA on substrate, b) Top down view of H2Pc on
substrate, ¢) Side view of H2Pc grown on PTCDA. Reproduced with permission from
ref. [3]
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When PTCDA is deposited at room temperature on KCI substrates, the molecules
lie flat on the substrate with a tilt of approximately 90° along the long axes as shown in
Figure 7a [3,11]. PTCDA grows in a layer-by-layer fashion completely covering the
available substrate area before another monolayer is formed. When H,Pc is deposited on
top of the PTCDA, it adopts the same face-on molecular orientation and the layer-by-
layer growth mode due to strong intermolecular interactions between H,Pc and PTCDA

[30].

In 2002, Heutz et. al. followed up on their previous work and found that when
PTCDA was grown on f;-HzPc, the PTCDA layer grew as elongated crystallites on top
of B1-HaPc domains [12]. The structure of PTCDA was not disrupted as in the case with
growing PTCDA on top of a-H,Pc. They also found that neither H2Pc nor PTCDA under
layers affected the structure of Alg3, which is an amorphous material. Sakurai et. al.
found that depositing H,Pc on PTCDA layers as thin as 0.5 nm was enough to change its
molecular orientation [13,14]. However, as the PTCDA layer thickness decreased, the
molecular tilt angle of H,Pc relative to the substrate increased. With no PTCDA, H,Pc
molecules are tilted an average of 54 relative to the substrate. On top of 0.5 nm PTCDA,
the HyPc mean tilt angle reduces drastically to 32°. When the PTCDA thickness is
increased to 1.5 nm, the H,Pc mean tilt angle decreases further to 27° — which
corresponds to the b-axis (Figure 7) of the H,Pc crystals lying perpendicular to the
substrate. The reason for the large shift in H,Pc molecular orientation for thin layers of
PTCDA was attributed to the excellent surface coverage of PTCDA molecules even at
small thicknesses. In 2007, Sakurai et. al. also demonstrated that the molecular
orientation of 1:1 H,Pc:PTCDA mixtures was also parallel to the substrate when
deposited on a PTCDA templating layer [15]. When the mixing ratio was increased in
favor of H,Pc to 4:1 H,Pc:PTCDA, the molecular orientation of H,Pc reverted back to
being perpendicular to the substrate. Also, when 1:1 H,Pc:PTCDA was deposited on top

of neat H,Pc, the orientation of the molecules in the mixed layer was random.

Sullivan et. al. studied the effect of templating layers in CuPc:Cg PHJ OSCs in
2007 [16]. They found that the J. increased from 2.5 mA/cm?® for control cells with no

24



PTCDA templating layer to over 4.0 mA/cm® for OSCs with 1 nm PTCDA templating
layer. The increase in Js. was attributed to a significant increase in absorption from the
CuPc molecules being oriented parallel to the substrate and the electric field of the
incident photons when deposited on PTCDA templates. However, the V,. decreased
substantially from 0.5 V for controls to 0.4 V for devices with 1 nm PTCDA templating
layer. The drop in the V,. upon the introduction of PTCDA templating layer was
attributed to charge build up at the anode interface. The energy levels of PTCDA align
poorly with that of CuPc leading to significant accumulation of holes at the
PTCDA/CuPc interface. Due to the increase in Jg, the efficiency of PTCDA templated
OSCs reached 0.81% whereas the control OSCs only demonstrated 0.73% efficiency.

Lassiter et. al. studied the performance of CuPc and Cgy OSCs using PTCDA and
diindenoperylene (DIP) as templating layers in PHJ and PMHIJ configurations [17]. When
CuPc was deposited on PTCDA or DIP, the RMS surface roughness increases from 1.8
nm to 3.9 nm. However, when a thin layer of DIP is deposited on PTCDA before CuPc,
the CuPc roughness increases to 6.8 nm and the CuPc islands are approximately 100 nm
in size. In PHJ configuration, the OSC performance was unaffected when DIP was used
as the sole templating layer. When PTCDA was used as the templating layer, the Js. and
Vo increased leading to an efficiency of 1.76% compared to the 1.42% of controls.
However, when DIP was deposited on top of PTCDA before CuPc deposition, the PHJ
OSC efficiency increased to 2.19% primarily due to increases in Ji. The DIP was
suggested to perform the role of an anode exciton blocker that prevents excitons from
being quenched by the ITO. The additional excitons can then be dissociated in the OSC
to generate increased photocurrent. DIP also enhances the templating effect of the
PTCDA and increases the surface roughness of CuPc which provides more intermixing
between CuPc and Cg. In a PMHI, the use of PTCDA/DIP templating/excition blocking
layer increased the efficiency from 1.89% to 2.49%.

In addition to the extensive body of work on PTCDA templating layers, copper

iodide (Cul) templating layers have received significant attention recently. In 2010,

Cheng et. al. reported that Cul can be used to control the molecular orientation of CuPc
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and hence improve the performance of CuPc/Cgy PHJ OSCs [18]. A thin (1-3 nm ) of Cul
deposited between ITO and CuPc is enough to change the CuPc molecular orientation
from edge-on to face-on. This is because Cul interacts strongly with CuPc molecules that
overpowers the molecule-molecule interactions and forces the CuPc molecules to adopt a
face-on orientation. When CuPc was deposited on Cul, Cheng et. al. observed an increase
in absorption intensity and a slight broadening of the absorption band indicating that the
n- © stacking distance has been reduced. In Cul templated PHJ and PMHJ OSCs, the J,
and FF increase substantially to provide a large improvement in efficiency. PHJ OSC
efficiency increased from 1.03% for controls to 1.76% for Cul templated PHJ and PMHJ
OSC efficiency increased from 1.49% to 2.55% for Cul templated PMHJ. Cheng et. al.
also observed that the Cul templating layer increased the work function of ITO by 0.7

eV, similar to the action of MoQOs, which enhances hole extraction from CuPc.

Bernede et. al. studied the use of MoOs/Cul anode interlayers extensively with
thiophene-based donor materials [19,20]. They found that the MoOs;/Cul interlayers
enhanced the performance of PHJ OSCs using terthiophene-pyran-malononitrile (T3PM)
and the 5-[2,6-bis(E-2-{3’,4’-di-n-hexy[2,2’:5’,2"’-terthiophen]-5-yl} vinyl)-4H-pyran-4-
ylidene]pyrimidine-2,4,6(1H,3H,5H)trione (TTB) as the donor material. The performance
enhancement was attributed to a decrease in the ITO work-function and reduction in

donor surface roughness due to the presence of Cul.

Cattin et. al. also studied the use of MoO3/Cul with CuPc/C60 OSCs [19]. They
found that the deposition rate of Cul was crucial to achieving templating effects that are
beneficial to OSC performance. Lowering Cul deposition rates led to better templating
effects and a greater increase in all PV properties. The highest OSC efficiency (1.75%)
was obtained when the Cul was deposited at 0.05 A/s with a I, of 6.76 mA/cm?®, V. of
0.5V and FF of 53%. When the Cul deposition rate increased to 0.1 A/s, the Ji. (4.9
mA/cm?), Ve (0.35 V) and FF (42%) all decreased significantly. At a Cul deposition rate
of 0.5 A/s, the Jg (2.21 mA/cm?), Vo (0.24 V) and FF (34%) was lower than controls
with no Cul. When Cul is deposited at a low rate, the surface of the ITO/Cul anode is

homogeneous with very low surface roughness. However, when the Cul is deposited at a
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high rate, the surface is marked with large Cul crystallites as thick as 100 nm. The large

Cul crystallites can create micro-shorts in the OSC and therefore reduce efficiency.

Rand et. al. studied the effect of Cul templating layers on ZnPc/Cgsy PHJ OSCs
[21]. They found that the exciton transfer rate in the face-on ZnPc improved more than
five times but due to the close stacking of the face-on ZnPc, the excition diffusion length
was reduced from 26 nm to 15 nm. The formation of charge transfer state with Cgp was
also improved for face-on ZnPc. In terms of absorption, the face-on ZnPc demonstrated a
30% increase in absorption strength but due to the presence of interference effects in

OSCs, the absorption enhancement was limited to 12%.

Lee et. al. compared the performance of Cul, CuBr and CuCl templating layers in
a ZnPc/Cgy OSC [22]. They found that Cul performed best (in terms of Ji increase) as the
templating layer for ZnPc compared to CuBr and CuCl. CuCl and CuBr templating layers
have deeper HOMO levels than Cul that present a hole-extraction barrier at the
ITO/CuX/ZnPc interface. Jang-Joo Kim’s group studied the effect of Cul and CuBr
templating with CuPc, ZnPc and PbPc [23-26]. For all M-Pcs, the molecular orientation
was shifted from edge-on to face-on when deposited on Cul. They also reported that the
CTE bandgap between ZnPc and Cg was 1.10 eV for Cul templated ZnPc compared to
0.90 eV for controls with no Cul. This explains the small increase in Vo, commonly
observed for Cul templated PHJ OSCs. Finally, they also found that Cul interlayers
template C79 deposited on top of Cul/PbPc. The Cul/PbPc layer encourages the Cyo to
preferentially adopt the fcc phase with (220) orientation which greatly increases the
crystallinity of the C7y layer. As a result, the absorption due to C7y aggregates increases
and the exciton diffusion length in Cy increases from 6.9 nm to 13.8 nm. Vasseur et. al.
reported similar observations with Cul/PbPc/Cey devices and their EQE data indicated
that the fullerene templating effect is observed with Ceg as well [27].

In an extremely detailed work studying the growth of FePc on Cul, Rochford et.

al. observed that Cul was always present as Cul (111) regardless of substrate temperature

[28]. However, at room temperature, the Cul was a polycrystalline film showing very low
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surface roughness. As the substrate temperature increased, Cul switched to an island
growth mode producing visible islands of various sizes and heights. They also noted that
the presence of Cul encouraged the formation of face-o (311) FePc. The stacking habit of
FePc on bare SiO; and on SiO,/Cul substrate is shown in Figure 8 [28].

(b)

Templated

Figure 8: Stacking of FePc on a) Bare SiO2 and b)SiO2/Cul template layer. Reproduced
with permission from ref. [28]. Published by The Royal Society of Chemistry.

In a follow up study, Rochford et. al. showed that when FePc was deposited on a
Cul film composed of isolated islands, the FePc molecules preferentially nucleated at the
edges of the islands and grew into high aspect ratio crystallites [29]. Further FePc
deposition led to the formation of different FePc polymorphs.

2.3.1 Unanswered Questions

Despite the extensive body of work on templating layers, the effect of templating
layers on hole mobility has not been studied, which prevents a complete understanding of
the effect of templating layers on the device physics of PHJ OSCs. The third objective of
this work is to examine the effect of templating on hole mobility in phthalocyanines and

associated changes in PHJ OSC device physics.
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Furthermore, the differences between PTCDA and Cul templating layers have not
been studied for the same set of materials. PTCDA is a small-molecule that lies flat when
deposited on a substrate. As a result, it templates any subsequent deposited material to lie
flat on the substrate as well. Cul, on the other hand, works best as a templating layer
when deposited at low deposition rates and in thin layers (1 -2 nm) where complete
substrate coverage is not expected. Any subsequently deposited layer shows changes in
orientation and morphology due to increased interactions between the deposited
molecules and Cul. Due to the material differences between PTCDA and Cul, it is
expected that the final morphology of the templated layer will be different which could
result in differences in templated OSC performance. Also, templating layers have been
exclusively studied with divalent phthalocyanines such as ZnPc, CuPc and PbPc. There
has been little work studying the performance of templating layers with other high
performance phthalocyanines such as ClInPc, CIAIPc and SubPc. Since the morphology
of the phthalocyanines varies depending on the substituted metal atoms, studying
templating behavior in different phthalocyanines provides a way to correlate templated
morphology changes to OSC performance. The fourth objective of this research work is
to examine the differences between templating performance of PTCDA and Cul across a

broader range of phthalocyanines.

Finally, the effect of templating layers on the degradation behavior of planar
heterojunction OSCs has not been studied in literature. The use of templating layers
allows us to study the influence of morphology and molecular orientation on degradation
behavior for the same donor/acceptor system without the need for molecular
modification. The fifth and final objective of this research work is to examine the

influence of templating on the degradation behavior of PHJ OSCs.
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Chapter 3 — Objectives

The objectives of this research work are to examine the unanswered questions

established in Sections 2.2.1 and 2.3.1. They are summarized here as follows:

1.

Determine the role of the donor material in high-fullerene concentration Schottky-

junction organic solar cells

Examine the role of the donor-acceptor mixing ratio and associated morphological

changes in all organic solar cell device architectures
Determine the effect of molecular templating on hole mobility of
phthalocyanine/C60 planar heterojunction OSCs and examine associated changes

in device physics

Compare the templating efficacy of the two common templating layers, Cul and

PTCDA, across a wider variety of phthalocyanine donor materials

Investigate the degradation behavior of templated phthalocyanine/C60 planar

heterojunction OSCs

30



Chapter 4 — Research Methodology and Experimental

Procedures

4.1 Research Methodology

The general objective of this research work is to examine the relationship between
morphology of organic semiconductors and their effect on organic solar cell performance.
Therefore, the research methodology in this work is focused on i) fabricating and
characterizing organic solar cells and ii) characterizing the morphology of relevant

organic semiconductor layers.

Phthalocyanines and fullerenes are used as donors and acceptors respectively in
this work owing to their stereotypical donor-acceptor properties outlined in Section 2.1
and also because they are the main donor-acceptor system used in literature relevant to
the objectives, as shown in Section 2.2 and 2.3. Vacuum deposition is used to fabricate
the OSCs because the layer thicknesses and compositions can be precisely controlled.
This is a crucial necessity in order to examine the influence of molecular orientation,
morphology and device structure on OSC performance. The photovoltaic performance of
the fabricated OSCs are characterized under AM1.5G illumination calibrated to 1000
mW/cm® according to standard procedure in the field. Insights into absorption, exciton
generation, exciton dissociation and charge transport are gained by measuring the
wavelength dependent performance of the OSCs in the form of UV/visible absorption
spectra and external quantum efficiency spectra. Charge transport is further examined by
measuring the hole and electron conductivity of individual organic layers using unipolar

device architectures.

The morphology of the relevant active layers is characterized directly using
atomic force microscopy, which provides insights into the roughness and crystallinity of
the organic layer. Information about the relative molecular orientations in the organic
layer is inferred mainly from the UV/visible spectra of the materials. By correlating the

PV performance, EQE, UV/Vis absorption, unipolar device data and AFM image
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analysis, a comprehensive picture of the dependence of OSC performance on organic

semiconductor morphology can be obtained.

4.2 Basic Device Fabrication Procedure

The basic device structure of OSCs is given in Section 1.3 of the introduction. All
OSCs are fabricated by vacuum evaporation in a custom built six-source thermal
evaporator. The evaporation chamber is attached to the substrate chamber via a load-lock
and the entire setup is pumped down to a minimum base pressure of 5x10° torr. The
materials to be evaporated are contained in a tantalum evaporation boat and attached to
two electrodes of the thermal evaporator. A high amperage AC current is applied between
the electrodes that results in resistive heating of the tantalum boats and subsequent
evaporation of the organic materials. Quartz crystal monitors (QCM) placed above the
evaporation source are used to measure the film thickness and evaporation rate. The
thicknesses of the films are calibrated using a stylus profilometer. A simple schematic of

a vacuum evaporation chamber is shown in Figure 9 [1].
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Figure 9: Schematic of a thermal evaporation chamber. Reproduced with permission from

ref. [1]

32



The mean free path (MFP) of the evaporated organic materials in the chamber is

given by the following formula [11]:

kyT

MFP =
V2 % Py, x md?

where Pgcp is the deposition pressure and nd” is the collision area between molecules
assuming that they have a spherical geometry. The MFP of organic molecules in a
thermal deposition system is much greater than the source-to-substrate distance at 5x10°°
torr. As a result, the deposition of the material depends on the line-of-sight between the
evaporation plume and the substrate and a shadow-mask is used to define the area in

which the material is deposited.

A 27°x2” glass substrate with commercially patterned ITO pads is used for all

devices. A schematic of the substrate is shown in Figure 10.

Aluminum

Aluminum

Figure 10: Schematic of the substrate used for OSC fabrication

The blue rectangles denote the ITO pads and the silver rectangles denote the
aluminum metal deposited on top as the cathode. The ITO pads labeled with “C” serve as

the cathode contacts. The numbered ITO pads are the anode contacts of the devices. Each
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device can accommodate 10 devices. Due to the arrangement of the shadow mask, the
devices in the same column are duplicates. For example, device 0/5, device 1/6 and so on
are duplicates. The intersection of the aluminum cathode and the anode ITO pad defines

an active device area of 0.2 cm?.

The general OSC fabrication procedure is as follows:

1. Load materials in evaporation chamber (donor, acceptor, exciton blocking
layer, anode buffer layer and aluminum) and pump down to base pressure

2. Clean substrate by subsequent sonication in acetone, micro-90 detergent and
isopropanol

3. Let substrate dry by placing in an oven at 110°C for at least 1 hour

4. Load substrate into the substrate chamber and pump down to base pressure

5. Adjust shadow mask to expose certain areas of the substrate depending on
device structure and experiment design

6. Apply power to material source to evaporate organic material

7. Once desired evaporation rate is achieved, open shutter to deposit material on
the substrate

8. Close shutter once desired thickness is reached and then turn off power to the

material boat

In order to fabricate a PHJ OSC, MoOj is deposited first, followed by the donor
material, acceptor, exciton blocking layer and cathode. In order to fabricate a BHJ OSC,
the donor and acceptor materials are evaporated simultaneously at different rates
depending on the desired BHJ composition. The deposition rate of organic materials is
usually ranges from 0.5 to 2 A/s unless otherwise mentioned. The deposition rate of

MoOs is usually 0.05 to 0.1 A/s. Aluminum is deposited anywhere from 2 to 4 A/s.

4.3 Basic Characterization Procedure

Electrical characterization of the fabricated OSC is done under dry and inert

nitrogen gas flow to prevent moisture and oxygen related degradation. To this end, the
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OSCs are placed in a sealed test-box under nitrogen gas flow. The test box has a window
cut out to allow for the OSC to be exposed to light. The anode ITO pads are contacted by
pushpins attached to a 10-position rotary switch that carries the signal to the center pin of
a BNC terminal. The cathode ITO pads are contacted by pushpins that are shorted out and
soldered to the outer casing of the BNC terminal. In this way, each individual device on

the substrate can be tested independently.

Photovoltaic parameters of the OSCs are measured under 1000 mW/cm® AM1.5G
radiation output from a ABET Sun 3000 Class AAA solar simulator. A Keithley 2400
SourceMeter is used to obtain the current-voltage characteristics of the OSC under
illumination or in the dark. Commercially available software is used to calculate the fill-
factor and efficiency from the I-V data. External quantum efficiency measurements are
performed using a custom-built setup that consists of a Newport mercury lamp, Oriel
Cornerstone 260 1/4m monochromator, optical chopper and SR830 lock-in amplifier. The
OSCs are exposed to monochromatic light in 2 nm steps chopped at 100 Hz. The
resulting photocurrent is output to the SR830 lock-in amplifier and converted to EQE by
comparing to a silicon reference solar cell. The data is plotted using custom-built
LABVIEW software. UV/Visible absorption measurements are performed in air in a
Shimadzu UV-2501 PC UV/Vis spectrophotometer. A VEECO Dimension 3100 model
AFM in tapping mode is used to image the surface profile of deposited films and OSCs.
The typical scan areas are | um x 1 pm, 5 pm x 5 pym and 10 pm x10 pm. RMS surface

roughness over these scan areas is obtained using commercial software.
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Chapter Summary

The first objective of this research work — to examine the role of the donor-
acceptor mixing ratio in affecting the morphology and performance of OSCs — is
addressed in this chapter. The donor-acceptor mixing ratio is varied between 1:1, as in a
traditional BHJ OSC and 1:9 as in a Schottky junction OSC. Schottky junction OSCs
employ a high work-function anode and an active layer comprised of fullerene and low
concentrations of donor. In this study, the roles of the donor material and the donor-
acceptor mixing ratio in Schottky junction OSCs are explored. The results show that the
high short circuit current (Jic) seen in Schottky junction OSCs at low donor
concentrations arises primarily from photocurrent contributions from charge-transfer
intermolecular states in Cg aggregates. These aggregates absorb light at 400-600nm and
are thus well matched to the solar spectrum. The presence of the donor molecules is
shown to be necessary for the dissociation of the Cg aggregate excitons, which ultimately
allows for enhanced photocurrents. The exciton dissociation process is governed
primarily by the highest occupied molecular orbial (HOMO) energy level difference
between the donor and Ceo, and is only efficient when this difference is large enough for
the energetically favorable transfer of holes from Cg to the donor material. Increasing
the donor concentration beyond a certain threshold hinders Cg aggregate formation and
thus removes its contribution to photocurrent completely. Furthermore, the V. is shown

to be strongly influenced by the choice of donor material, indicating that it is not set by
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the Schottky junction barrier height as previously thought. In spite of this influence on
Voo, the choice of donor does not appear to play a significant role in the extraction of

holes from the Schottky junction organic solar cells.

5.1 Introduction

Until recently, the planar-mixed molecular heterojunction (PMHJ) was considered
the state of the art in device architecture for SM-OSCs [1]. In a PMHJ device, a bulk-
heterojunction (BHJ) mixture of donor and acceptor species is sandwiched between neat
donor and acceptor layers [2,3]. The BHJ greatly enhances exciton dissociation efficiency
due to presence of a large number of donor-acceptor interfaces [4]. The exciton
dissociation process involves charge transfer of electrons to the acceptor material and of
holes to the donor material. However, due to the lack of a continuous network of hole and
electron transport materials, the charge transport properties of BHJ OSCs alone tend to be
rather poor. The PMHJ overcomes this deficiency by keeping the BHJ layer thin, and by
using neat donor and acceptor layers as hole and electron transport layers respectively.
The addition of these neat layers allows for improved charge carrier transport to the

electrodes to improve the fill factor (FF).

In 2010, a new device architecture was introduced that exploits the n-type
Schottky junction formed between thin-film fullerenes and the high work-function
electrode of MoOs-coated ITO [5]. Interestingly, the Schottky junction allows for
exceptionally high open-circuit voltage (Vo) on the order of 0.9 — 1.1V [5-7]. In standard
OSC architectures, such as with PMHIJs, the HOMOgonor-LUMOgccepior €nergy level
difference dictates the maximum V,[8]. However, in Schottky junction cells the V. is
not affected by the HOMOonor- LUMOgccepior difference, but it is instead thought to be
determined by the Schottky junction barrier height [9]. Furthermore, it was found that the
short circuit current (Jo¢) and FF of Schottky cells can be improved by doping the
fullerene layer with a small amount (5-20%) of suitable donor material. It is interesting to
note that the J,. and FF of the donor-doped Schottky cells are comparable to PMHIJs in

spite of the low donor concentration and the lack of neat charge transport layers. As a
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result, Schottky junction solar cells can exhibit very high power conversion efficiencies

(PCE) with the highest reported value in literature of 6.4% [10].

There have been several hypotheses to explain the high performance of the
Schottky junction architecture, especially with regard to the role of the donor material;
however, several critical points merit further investigation [6,7,11]. For instantce, varying
the donor-acceptor (D-A) mixing ratio in a BHJ has been shown to cause substantial
changes in donor morphology, leading to the hypothesis that the increase in J, is caused
by optimized hole transport [10-16]. A detailed background of varying the donor-
acceptor ratio has been provided in Chapter 2. Unfortunately, lowering the donor
concentration also reduces the absorption by the donor molecules, which are better
matched to the solar spectrum than fullerene acceptors, which complicates and casts
some doubt on this explanation. More recently it has been suggested that the donor
enhances the dissociation of excitons formed in the fullerene matrix, rather than
contributing strongly to the absorption of light [15]. However, the exact mechanism
behind this dissociation enhancement and subsequent hole transport is not obvious for

very low donor concentrations, and has not yet been examined in detail.

In this study, we conduct a systematic investigation of the role of the donor
material and the donor-acceptor mixing ratio in Schottky junction solar cells. From the
results, we better establish the role of the donor material in the Schottky junction
architecture and determine the mechanism by which it affects the photovoltaic
performance. We also outline the general principles to optimize the performance of

Schottky junction solar cells.

5.2 Materials and methods

Prior to organic layer deposition, the substrates were treated with CF4:0, plasma
at 20 mTorr pressure and 100W inductively coupled plasma (ICP) power. The flow rates

of CF4 and O, were 15 sccm and 5 sccm respectively. After CF4:0, plasma treatment, the

38



rest of the fabrication proceeded as outlined in Section 4.1. The exact device structures
used in the experiments are discussed section 5.3. 8nm of bathocuproine (BCP) was
deposited before the cathode in all solar cells except for the hole-only devices, where a
20nm layer of N,N'-bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine (NPB) and a 5nm
layer of molybdenum oxide (MoOs) was used instead. 100nm of Al was deposited at 30
AJs as the top electrode in all devices. A final device area of 0.2 cm® was defined by the
intersection of the Al electrode with the patterned ITO. Atomic force microscopy (AFM)
samples consisted of a 50nm thick BHJ fabricated on CF4:0; plasma treated ITO.

The following materials were used as donors: Chlorine-Indium Pthalocyanine
(ClInPc, Xerox Research Center of Canada, 99.9%, Sublimed-grade); NPB; 4,4'-
bis(carbazol-9-yl)biphenyl (CBP), Tris(8-hydroxy-quinolinato)aluminium (Alq3); 4-
(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran
(DCJTB) (Luminescence Technology Corp, >99%, Sublimed-grade).

Photovoltaic parameters, AFM images, UV/Visible absorption spectra and

External quantum efficiency spectra were measured as described in Section 4.2.

5.3 Results and Discussion

5.3.1 Influence of the Donor-Acceptor Mixing Ratio

In order to study the effect of varying the donor-acceptor mixing ratio in the
Schottky junction architecture, we fabricated simple Schottky devices with the structure:
ITO/Donor:Cer/BCP/Al as illustrated in Figure 11. The ITO was treated with CF4:0;
plasma to increase its work function, which is shown here to provide an electrode capable
of forming a Schottky junction with Cg (analogous to the more common ITO/MoO;
interface). The effects of ITO treatment by CF4:0, have been discussed elsewhere [17]
and ITO/CF4 has just recently been used for OSC applications [18,19]. ClInPc, as a
relatively new and highly efficient material [20-22] was used as the donor in 10% and

50% concentration mixtures with Cq. BCP was used as an exciton blocking layer and
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was then followed by the Al cathode. The photovoltaic output parameters for these cells

tested under 1-sun AM1.5G irradiation are shown in Table 2.

Aluminum -100 nm

BCP -8 nm
Donor:C60 - 30 nm

| ITO w/ CF4:02 Plasma Treatment |
| Glass |

Figure 11: Schematic of the Schottky junction device structure used to investigate the
effect of the mixing ratio. Reproduced with permission.

As expected, solar cells formed with a neat Cgq layer display a high V. due to the
n-type Schottky junction. Doping the Cqo Schottky cell with 10% ClInPc increases the Jg
and FF dramatically, while the V. suffers a minor decrease. Increasing the ClInPc

concentration to 50% lowers the Ji and V., but increases the FF.

Table 2: Photovoltaic performance of ClInPc:Cg Schottky junction devices with different
doping concentrations. Reproduced with permission

Doping Jsc Voc | FF PCE
Concentration | [mA cm™] | [V] | [%] | [%]

0%

1.15 1.16 |32 0.42
(Neat Cgp)
10% 4.99 0.99 |41 2.02
50% 4.32 0.80 |45 1.57

To understand the changes in Ji caused by the variation in donor concentration,
we measured the external quantum efficiency (EQE) of these cells. The EQE spectra of
these cells from A = 300nm to 900nm are shown in Figure 12(a). The EQE spectrum of
the neat Cg cells reaches a maximum efficiency of 15% at A = 350nm with a shoulder at

A = 470nm and gradually drops off to negligible levels at A > 530nm. With the
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introduction of 10% ClInPc donor, we observe its contribution at A = 720nm with ~6.5%
quantum efficiency. In addition, two interesting effects are observed: First, the quantum
efficiency at A = 350nm increases from approximately 15% to 35%. Secondly, the EQE
shoulder observed in the neat Cq cells at A = 470nm is enhanced and appears as distinct
peak with approximately 25% quantum efficiency. This band at A = 470nm is relatively
broad, starting at 400nm and gradually dropping off to zero at A > 600nm. When the
ClInPc concentration is further increased to 50%, the EQE of the 350nm band
surprisingly remains the same even though the concentration of Cg is substantially
reduced. In contrast, the 470nm band is strongly suppressed. Finally, as expected, the

peak at A = 720nm increases to 22%.
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Figure 12 a) EQE spectra of Schottky junction devices with varying donor concentration,
and b) UV/Vis absorption spectra of Schottky junction devices. Also shown: UV/Vis
absorption spectrum of Cep in toluene and the AM1.5 spectrum

In order to better understand the trends in the EQE spectra, UV/Vis absorption
spectra of the cells were measured and are plotted in Figure 12(b). The absorption
spectrum of neat Cgo cells shows two features: a narrow band that extends from A =
330nm to 400nm (peak at 350nm) and a relatively broad band that extends from A =
400nm to A > 600nm (peak at 470nm). Interestingly, the EQE measurements for neat Cqg
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cells show that photocurrent is generated only due to the absorption by the 350nm band
and not due to the absorption by the 470nm band. At 10% ClInPc concentration, the
absorption of Cep at A = 350nm and A = 470nm are relatively unchanged, and a new peak
corresponding to the ClInPc absorption is observed at A = 720nm. However, considering
the EQE measurements for this case, photocurrent is generated from both the 350nm and
470nm bands. It is thus clear that the addition of the small amount of donor material is
necessary for photocurrent to be harvested from this 470nm band. Furthermore, in
contrast to previous reports in literature, the absorption by the donor material contributes

to the generation of photocurrent in spite of its rather low concentration [7].

When the ClInPc concentration is increased to 50%, the absorption by Cep at the
350nm and 470nm bands is suppressed and the absorption due to the ClInPc at the 720nm
band increases. From the EQE spectra in Figure 12(a), it can be seen that the
photocurrent contribution from the ClInPc at 720nm increases proportionally to the donor
concentration and donor absorption. Quite interestingly, the EQE at A = 350nm is similar
for both the 10% ClInPc and 50% ClInPc cells even though the Cgy absorption is
significantly lower for the 50% ClInPc cell. In contrast, the EQE at A = 470nm is
substantially reduced in the 50% ClInPc cells, which follows as a consequence of the
reduced absorption at 470nm. An analysis of the normalized absorption spectra of the
cells shows that the suppression of the 470nm Cgy absorption band in 50% ClInPc cells
cannot be completely explained by the reduction in Cgy concentration and suggests that

this absorption band might be associated with Ceo aggregation.

To further probe the mechanism behind the suppression of the 470nm Cgp
absorption band in the 50% ClInPc cells, the UV/Vis absorption spectrum of Cg in
toluene solution was compared with its absorption in thin films, also shown in Figure
12(b). It can be seen that the absorption of Ce in toluene only displays a peak at A =
350nm and does not show significant absorption at A = 470nm. It has been established
that the first allowed intramolecular transition in Cg falls at 3.53 eV (A~351nm) which
explains the presence of this absorption peak for Cg in toluene [23]. It has also been

shown that absorption in the range of 2.3 — 3.75 eV (A~539nm — 330nm) is due to
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intermolecular charge transfer (CT) states [23]. Therefore, it is reasonable to conclude
that the Cgo absorption band at 470nm is due to the intermolecular CT states in Ceo
aggregates formed in thin films. The suppression of the 470nm absorption band of Cg in
50% ClInPc devices is therefore due to the prevention of Cey aggregate formation in the

presence of a significant amount of ClInPc molecules.

Since the UV/Vis absorption results suggest aggregation of Cey at low (or no)
donor concentrations, we can expect the film morphology to reflect these differences — i.e.
the morphology of the films with no donor or low donor concentration might be different
than the morphology of the films with high donor concentration. In order to investigate
these morphological differences, we studied the surface morphology of Cg films with 0%,
10%, 20% and 50% ClInPc donor concentration using atomic force microscopy (AFM).
AFM scans of these films on CFy-treated ITO are shown in Figure 13. The surface of
pure Cgo has many nodules, indicative of Cegy aggregate formation, and exhibits a root-
mean-square (RMS) surface roughness of 3.3nm. At 10% ClInPc concentration the
density of nodules appears to be similar to pure Cqp, but the RMS surface roughness
decreases slightly to 3.0nm. At 20% ClInPc concentration the density of nodules is
greatly reduced, suggesting a reduction in the formation of Cg aggregates. By 50%
ClInPc concentration the density of nodules is significantly diminished and the film is
much smoother with an RMS surface roughness of 2.5nm, indicating that the formation
of Cep aggregates has been suppressed. The remarkable similarity between the
morphology of 0% and 10% ClInPc concentration films, in contrast to that of 50%
ClInPc concentration films, clearly mirrors the findings from the UV/Vis absorption

spectra — the aggregation of Cgy is significant in both the neat and the 10% ClInPc¢ films.
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Figure 13: AFM images of 50nm films of a) pure Cep, b) 10% ClInPc in Cqg, ¢) 20%
ClInPc in Cgp and d) 50% ClInPc in Cgp on CF4:0; plasma treated ITO. Reproduced with
permission.

From the overlaid AM1.5 spectrum in Figure 12(b), it can be seen that the Cg
aggregate absorption band is well matched to the solar spectrum, receiving a solar
irradiance of 97.7mW cm™ at A = 472nm. The ClInPc absorption band receives a similar
solar irradiance of 97.1mW cm™ at A = 720nm. The 350nm absorption band of Cqy is,
however, poorly matched to the solar spectrum receiving an irradiance of only 35.4mW
cm” at A = 350nm. The contribution to the photocurrent due to the Cyo aggregate
absorption (~25% EQE at A = 470nm in 10% ClInPc cells) roughly matches that due to
ClInPc donor absorption (~22% EQE at A = 720nm in 50% ClInPc cells). Considering
that the EQE at 350nm is similar for both 10% and 50% ClInPc cells, the Js is higher for
10% ClInPc cells due to the higher Cq aggregate contribution and due to the presence of
the small donor contribution (~6.5% EQE at A = 720nm in 10% ClInPc cells). When
combined with the enhancement in the V. due to the formation of the n-type Schottky

junction at the ITO/Cgp interface for the 10% ClInPc cells, the power conversion
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efficiency (PCE) of the 10% ClInPc cells is obviously greater than that of the 50%
ClInPc cells.

The EQE, UV/Vis and AFM data convincingly demonstrate that the increase in Jg
seen in Schottky OSCs at lower donor concentrations arises primarily from photocurrent
produced by absorption due to CT intermolecular states in Cg aggregates. These
aggregates form at high Cg concentrations and absorb in the 400-600nm range, allowing
for a good match to the solar spectrum. The presence of the donor molecules is necessary
for the efficient extraction of photocurrent from the Cgqy aggregate absorption band.
Increasing the donor concentration beyond a certain threshold, however, hinders Ceo
aggregate formation and thus removes its contribution to the photocurrent completely.

Therefore, varying the donor-acceptor mixing ratio strongly influences the photocurrent.

5.3.2 Influence of the Choice of Donor Material

In a Schottky junction OSC, the donor material has been suggested to allow for
better hole transport and collection through the percolation mechanism. It has also been
suggested to contribute to exciton dissociation due to the energy level difference at the
donor-acceptor interface [6,10,11]. Presumably, a combination of the two mechanisms is
responsible for allowing photocurrent to be harvested, especially from Cgo aggregate

absorption.

We first studied the donor’s role in assisting with exciton dissociation by using
devices with the structure: ITO/Donor:Cgo/Cso/BCP/AL as illustrated in Figure 14(a).
Donors with different HOMO and LUMO offsets were mixed with Cgp at 10%
concentration in a 10nm layer adjacent to the plasma treated ITO interface. The relative
positions of the energy levels of the donors, Cey and the ITO/CF4anode (obtained from
literature) are also illustrated in Figure 14(a) [24-29]. Due to the high concentration of
Ceo in these cells, it is expected that the majority of the excitons will form on Ceo
molecules. Holes from the Cgy will be transferred to the HOMO level of the donor
material provided that the HOMOgonor-HOMOcso offset is large enough to make the
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transfer energetically favorable. The photovoltaic performance and the EQE spectra of
these devices were measured. Table 3 shows the photovoltaic performance of these
devices tested under 1-sun AM1.5G irradiation and the EQE spectra of these devices are

shown in Figure 14(b).

Aluminum - 100 nm

ET’ = 8 n-m 35 T T T T | T | T
C60 - 20 nm L _
(a) (b)
Donor:C60 - 10 nm 30 —— ClinPc
ITO w/ CF4:02 Plasma Treatment — CBP _
Glass 25 ,TJP? —
— Alq
24 8V ) N
2.8 oV — QM = 20 DCJTB |
— 34 Wy
ad iy S i
35aV
o 2 W45 _|
AR eV 10 ]
— —_ SCITB 5 —
mo ___ oaame NPB oo i
556V opp S5ev 540V ;équ oy 0 L
B0 eV ' a2 eV 300 400 500 600 700 800 900

Wavelength [nm]

Figure 14: a) Schematic of the Schottky junction device structure used to test the effect of
varying the donor material at 10% donor concentration with associated energy levels
shown below and b) EQE spectra of devices shown in (a). Reproduced with permission.

From Figure 14(a) and Table 3, it can be seen that, when the HOMOgonor-
HOMOcg¢ difference is too low, approximately 0.2 eV in the case with CBP, the J is
very low. From Figure 14(b), it is evident that EQE spectrum of the CBP:Cgy device
closely resembles that of the neat Cgp device. The presence of the CBP donor does not
significantly change the Ji. or FF when compared to the neat Ceqy device, and it can be
seen that very little photocurrent is harvested from the Cqy aggregate absorption band at
470nm. Furthermore, the V. is similar to that of the pure Cg cell, indicating that the
reduced concentration of Cgp at the ITO interface has no significant impact on the
formation of the Schottky junction. In contrast, Alqs has a HOMOgone-HOMOcso

difference of approximately 0.4 eV, which allows for the extraction of photocurrent from
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the Cgo aggregate absorption band as seen by its EQE of 16% at A = 470nm. Using ClInPc
and NPB as a donor increases the HOMOgonorr HOMO( difference to approximately 0.6
eV and 0.7 eV respectively, which increases the Js. even further. The EQE at A = 470nm
for both of these cells are similar (~25%), and the only difference in the EQE spectra
between these cells appears to be the ClInPc absorption at A = 720nm. If the HOMOgonor-
HOMOcg difference is further increased, for example to ~1.0 eV with DCJTB, the EQE
due to Cgo aggregate absorption at A = 470nm actually decreases to 18%; however, these
devices show stronger tail-end absorption compared to the other devices, with higher
EQE in the range of A = 510 — 590nm. Overall, the Js values for the DCJTB devices are

comparable to the Alqs devices.

Table 3: Photovoltaic performance of Schottky junction devices with different donor
materials at 10% donor concentration. The schematic of the device structure is shown in
Figure 4(a). Reproduced with permission.

Donor Material Jsc Voc | FF | PCE
[mA cm™] | [V] [%]

ClInPc 4.20 1.00 | 50 | 2.07
NPB 3.80 0.82 |49 | 1.51
DCITB 2.90 0.61 | 34 | 0.61
Alqg3 2.44 0.73 | 34 | 0.61
CBP 1.10 1.19 | 31 | 0.41

An analysis of the normalized UV/Vis absorption spectra of these devices
revealed that, with the exception of a minor ClInPc absorption peak at A = 720nm, all

other devices had absorption spectra similar to that of pure Cqp.

In order to investigate whether varying the donor material affects the transport and
collection of holes across the ITO interface, we first constructed hole-only devices on

CF4-treated ITO with the structure: ITO/Donor:Ceo/Cso/NPB/M0O3/Al, as shown in
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Figure 15(a). For these hole-only devices, the donor-doped Ce layer was 10nm thick and
the donor material concentration was fixed at 10%. The doped layer was followed by
10nm of neat Cg in order to resemble the devices in Figure 14(a). 20nm of NPB electron
blocking layer was used to ensure hole-only transport through the device and to protect
the active organic films from damage during top electrode deposition. Furthermore, Snm
of MoOs was used to prevent electron injection and to facilitate hole injection from the
top Al electrode. Current-voltage (I-V) measurements were obtained in the dark by
applying a negative bias to the ITO electrode. When a negative bias is applied to the ITO
electrode, holes are injected from the top Al electrode and traverse through the device to
be collected at the ITO electrode. As such, the direction of the hole current in these hole-

only devices resembles that of photo-generated holes in the corresponding solar cells.

Figure 15(b) shows the I-V characteristic of these devices when the ITO is under

negative bias.
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Figure 15: a) Schematic of the hole-only device structure used to study the hole
extraction properties of different donor materials and b) IV characteristics of the devices
in (a) with different donors
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Hole-only devices with DCJTB, CBP and ClInPc donors all show similar hole
conduction properties whereas hole-only devices with Alq; and NPB donors show
markedly reduced hole conduction. Interestingly, the I-V trends of the hole-only devices
do not mirror the photovoltaic characteristics of the corresponding solar cells with the
same donor materials. For example, even though NPB:Cs devices have the lowest
observable current in hole-only devices, the corresponding NPB:Cg solar cells have
comparable J, to the ClInPc:Cqg solar cells. As was established previously from our EQE
data, the difference in Ji. between ClInPc:Cgy and NPB:Cg solar cells is solely due to the
ClInPc absorption. Similarly, DCITB:Csy and Alqgs;:Ce solar cells demonstrate
comparable Ji. even though the DCJTB:Csy hole-only devices have a higher hole
conductivity than Alqgs;:Ce hole-only devices. Therefore, it is reasonable to conclude that
the hole conduction properties of the specific donor do not significantly influence the

photovoltaic performance of Schottky junction cells.

At this point, it should be noted that the HOMO energy levels quoted in the
preceding analysis are based on UPS/XPS data obtained using single layer or bi-layer
thin films in other published works. In donor-acceptor mixed layers, however, it has been
reported that varying the donor-acceptor mixing ratio can influence the HOMO level of
the donor due to changes in the polarization energy caused by variations in the local
environment [30]. As a result, it is difficult to determine the optimum HOMO offset with
Coeo that allows for the greatest dissociation of the aggregate absorption excitons based on

literature values alone.

In Table 3, it can be seen that the V,. of the Schottky cells is affected by the
choice of the donor material and is not fixed by Schottky junction barrier height as
previously reported [6,7] which provides evidence of charge trapping by the donor
material. It is feasible that the photovoltaic performance of the solar cells do not correlate
with the hole conduction in hole-only devices because the built-in electric field in the
solar cells is sufficient to free the trapped charges from the donor material at the tested

doped layer thickness of 10nm.
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The trapping effect of the donor material could become more evident if the doped
layer thickness is increased. The devices shown in Figure 11 contain a 30nm doped layer
whereas the devices in Figure 14(a) contain a 10nm doped layer followed by 20nm of
neat Cgo. Comparing the PV performance of the devices with a 30nm doped layer (Table
2) and 10nm doped layer (Table 3), there is a clear trade-off between the J, and FF as a
function of the doped layer thickness. A thicker doped layer results in higher J. due to
greater dissociation of the excitons formed by Cgp aggregate absorption. However, a
thicker doped layer also reduces the FF due to increased charge trapping by the donor
molecules far away from the ITO interface. If exciton dissociation happens far away from
the ITO interface, the dissociated holes have to travel a larger distance in order to be
collected and, therefore, have a higher chance of being trapped by the donor molecule.
Hence, the probability of recombination is increased. Therefore, Schottky junction
devices need to have an optimal doped layer thickness in order to maximize the
dissociation of Cg aggregate excitons while minimizing trapping and recombination on

the donor molecules.

Following this line of reasoning, we optimized C7o:ClInPc devices by keeping the total thickness of the
active later constant at 30nm and varying the thickness of the doped layer. Similar aggregate absorption
properties seen with Ceo (as discussed above) are expected to apply to C7o. These devices thus employed
the structure: CF4-Treated ITO/ClInPc:C70 (x nm)/C70 (30 - x nm)/BCP /Al The photovoltaic output
parameters of these devices are shown in
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Table 4. Devices with 17.5 nm doped layer thickness demonstrated the highest
achieved PCE of 3.6% with a J. of 8.4 mA cm™, a FF of 40% and a V.. of 1.1V. Beyond
this doped layer thickness, the donor molecules do not contribute positively to increasing
the efficiency because trapping and recombination on the donor sites greatly reduce the

FF without proportionally increasing the J.
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Table 4: Photovoltaic performance of ClinPc:C;y devices for different doped layer
thicknesses. The device structure is CF4-Treated ITO/ClInPc:C7y (x nm)/C7o (30 — x
nm)/BCP/Al. Reproduced with permission.

Doper Layer Jsc Voc | FF PCE

Thickness (x) | [mA cm™] | [V] [%]
[nm]

0 1.39 1.25 | 34 0.58

10 6.37 1.04 | 51 3.38

12.5 7.76 1.07 | 43 3.60

17.5 8.43 1.07 | 40 3.62

30 8.85 1.06 | 38 3.58

Considering the results of these experiments together, it is evident that the role of
the donor material is primarily as an exciton dissociation agent, and that charge extraction
is most efficient when the doped layer is kept thin due to charge trapping by the donor
molecules. The majority of excitons are formed by Cgo due to its absorption by the 350nm
and 470nm bands. As mentioned previously, the excitons formed due to the 350nm
absorption band are intramolecular Frenkel excitons, whereas the excitons formed due to
the 470nm absorption band are intermolecular CT excitons on Cg aggregates. In neat Cq
devices, most of the photocurrent is due to the dissociation of the 350nm band Frenkel
excitons by the built-in electric field. It is suggested that the 470nm band CT excitons are
not dissociated in neat Cgo devices because, being sub-bandgap excitons, they have higher
binding energies. In the presence of CBP, the sub-bandgap excitons formed due to Cg
aggregate absorption are not dissociated due to an insufficient HOMO offset with Cgo. At
low Alqs, NPB, DCJTB and ClInPc concentrations, the sub-bandgap excitons formed due
to Ceo aggregate absorption contribute to the photocurrent since dissociation (due to the
larger HOMOonor-HOMOcg offset) becomes efficient. The high photocurrent seen in the
NPB and ClInPc donor cells may be due to the optimal alignment of the HOMO energy

levels with Cgp which maximizes the efficiency of dissociation while keeping charge
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trapping and recombination to a minimum. The lower photocurrent in the Alqgs devices
can be attributed to its reduced HOMO offset with Cep which reduces its capacity to
dissociate the aggregate absorption excitons. The higher EQE seen at longer wavelengths
with DCJTB donor is due to the larger HOMO energy level difference between Cegy and
DCJTB. Longer wavelength absorption by Cg, in the range of A = 540nm — 730nm, has
been reported to form sub-bandgap intramolecular Frenkel excitons that have a higher
binding energy than the 470nm band CT excitons [23]. The higher HOMO energy level
difference between Cgp and DCJTB allows for the dissociation of these high binding
energy Frenkel excitons leading to enhanced photocurrent at longer wavelengths.
However, the high HOMO offset could also contribute to deeper charge trapping, which

results in overall lower Jg. for the DCJTB devices.

5.4 Conclusions

We have found that the increase in Ji seen in Schottky OSCs at low donor
concentrations arises primarily from photocurrent produced by CT intermolecular states
in Ceq aggregates, which form at high Cgo concentrations. These aggregates absorb in the
400-600nm range and thus are well matched to the solar spectrum. The presence of a
donor is found to be necessary for the dissociation of these Cgy aggregate excitons. The
exciton dissociation process is governed primarily by the HOMOgono-HOMOcso
difference, and is only efficient when the difference is large enough for energetically
favorable transfer of holes from Cg to the donor. Increasing the donor concentration
beyond a certain threshold, however, hinders Ceo aggregate formation and thus removes
its contribution to the photocurrent completely. As a consequence, varying the donor-

acceptor mixing ratio strongly influences the photocurrent.

Furthermore, the V,. of the Schottky cell is affected by the choice of donor
material and is not set by the Schottky junction barrier height as previously thought,
which implies charge trapping by the donor. However, for thin donor-doped layers, the
photovoltaic properties of the Schottky cells are independent of the doped layers’ hole

transport and collection properties, suggesting that the specific donor’s hole conductivity
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does not play a major role in its collection of holes (i.e. the donor acts primarily as an
exciton dissociation agent). As the donor-doped layer thickness increases, trapping and
recombination at the donor sites far away from the ITO interface becomes significant,
resulting in reduced FF. By optimizing the doped layer thickness, the dissociation of

aggregate excitons can be maximized and recombination kept to a minimum.

These results not only uncover and help explain key aspects about the operation
mechanism of the emerging and highly promising Schottky junction organic solar cells,
but also shed light on the phenomenon of aggregation and associated photovoltaic
performance in fullerenes, one of the most widely used acceptor materials in the field.
We therefore expect these results to be useful for stimulating and guiding future research
efforts in organic solar cells. For example, the enhanced absorption of fullerene
aggregates can now be utilized to complement donor material absorption through the
judicious design of donor:fullerene bulk-heterojunctions in PMHJ and tandem cell

architectures, potentially vastly improving the solar spectral match of organic solar cells.
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Chapter Summary

It was shown in Chapter 5 that the donor-acceptor mixing ratio is a crucial
parameter in controlling the morphology of the BHJ active layer and influencing the
efficiency of BHJ OSCs. In this chapter, the effect of controlling the donor-acceptor
mixing ratio, and by extension, the mixing layer morphology, is investigated across the
full spectrum of possible OSC device architectures. This chapter addresses the second
objective mentioned in Chapter 3. We investigate five different organic solar cell (OSC)
structures, including the simple planar heterojunction (PHJ) and bulk heterojunction
(BHJ), as well as several planar-mixed structures. Chlorogallium phthalocyanine
(ClGaPc) and Cgp-fullerene are employed as donor and acceptor in this systematic study
on OSC device architecture. The different OSC structures are studied over a wide range
of ClGaPc:C¢ mixing concentrations to gain a comprehensive understanding of their
charge transport behavior. Transient photocurrent decay measurements provide crucial
information regarding the interplay between charge sweep-out and charge recombination,
and ultimately hint toward space charge effects in planar-mixed structures. Results show
that the BHJ/acceptor architecture, comprising a BHJ layer with high Cg content,
generates OSCs with the highest performance by balancing charge generation with
charge collection. The performance of other device architectures is largely limited by

hole transport, with associated hole accumulation and space charge effects.
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6.1 Introduction

In this work, we examine OSCs of varying device architectures that employ a
chlorogallium phthalocyanine (ClGaPc) donor and a fullerene (Cgp) acceptor while
maintaining a constant device thickness. Specifically, we study device architectures
including the planar heterojunction (PHJ), the bulk heterojunction (BHJ), a BHJ/acceptor
active layer, a donor/BHJ active layer, and the full PM-HJ. The full PM-HJ employs
both neat donor and acceptor layers bordering the BHJ. Within this subset of device
architectures, we vary the Cegp content within the active layer from 25% to 87.5%. As
mentioned in Chapter 5, high Cg concentrations allows for exciton formation and
dissociation in Cgy aggregates leading to high photocurrents. When the donor-acceptor
ratio is 1:1 (or 50% Cgo concentration) the aggregation of Cg is inhibited leading to less
photocurrent produced from Cgy aggregates and more photocurrent produced from the
donor material [1-4]. By varying the donor-acceptor ratio, the effect of the BHIJ

morphology on the device physics of the various architectures can be studied.

The different devices are tested for their photovoltaic output parameters, their
external quantum efficiency (EQE) spectra and their transient photoresponse to provide a
complete picture of their operation and the inherent limitations in their device
architectures. The use of transient photocurrent behavior in OSCs in particular is
highlighted as a powerful technique to better understand charge transport as well as
charge trapping effects, as has been shown in literature [5-8]. It is coupled with the varied
device architectures in the present work to help distinguish between charge sweep-out
and charge recombination, and to better understand the role of space charge effects in

limiting performance of specific device structures.

We have observed that improvement in performance with device architecture is
strongly associated with minimizing charge trapping and associated charge
recombination effects. To this end, the PM-HJ device architecture is shown to reduce
charge recombination effects compared to an equivalent thickness BHJ; however, the

poor mobility of the neat donor layer results in space charge effects that ultimately
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degrade device performance. The results thus lend credence to the heavily doped organic
layers employed in the p-i-n OSCs, such as those used by Riede and coworkers [9].
Schottky OSCs are shown to offer a fast transient response to prevent space charge
effects, but are ultimately limited by the poor charge transport properties and associated
charge recombination within the thick mixed donor-acceptor layer. It follows that for the
ClGaPc:Cgp materials system, due to the limited donor hole mobility and the absence of
doped organic layers, the highest performing OSCs employ a Schottky architecture with a
neat Cg acceptor layer, optimizing the tradeoff between charge generation and charge
collection. From a broader viewpoint, we show that optimal device architecture must be
determined specifically based on the physical properties of the chosen donor and acceptor
materials. Furthermore, the comprehensive set of devices and the associated
characterization techniques employed in this work allow for judicious determination of
the device architecture required to achieve high efficiency OSCs with optimal charge

collection characteristics.

6.2 Experimental

The devices used in this study were fabricated according to the general procedure
laid out in Section 4.1. 5 nm of MoO; (Sigma Aldrich) was deposited by thermal
evaporation (<5x10° torr base pressure) at a rate of 2 A/s. The mixed layers were
fabricated by the simultaneous co-deposition of Csy (>99.9%, M.E.R. Corporation) and
the ClGaPc donor material. Different mixing ratios were achieved by varying the
deposition rates of ClGaPc and Cg, and the sum total deposition rate of all materials was
kept at 2 A/s. C1GaPc was obtained from the Xerox Research Centre of Canada, where it
was also purified by train sublimation. BCP was obtained from Luminescence
Technology Corp (>99%, sublimed-grade). 8 nm of BCP was then deposited by thermal
evaporation at 2 A/s prior to the cathode. To finish the OSCs, 100 nm of Al was
deposited by thermal evaporation at 3 A/s. A final device area of 0.2 cm® was defined by

the intersection of the Al electrode with the patterned ITO.
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Photovoltaic output parameters, UV/Visible absorption spectra, external quantum
efficiency spectra were obtained as described in Section 4.2. To remove the ClGaPc EQE
contributions to photocurrent (Figure 20) the UV/Vis absorption data was used to first
identify the ClGaPc curve shape, which was normalized to the EQE values using the peak
(750 nm) intensity. The curve was then subtracted directly from the EQE plot. Transient
photocurrent measurements were performed with white or colored LEDs, a Stanford
Research Systems DG535 pulse generator (pulsed for Sms at 100Hz) and a Tektronix
TDS5054 oscilloscope. To extract data in the relevant bias point and timeframe for our
devices, a 1 kOhm resistor was placed in series with the DUT during illumination, and
the voltage was measured over the resistor with the oscilloscope. A custom MATLAB
program was used to extract the transient photocurrent decay (falling) data and to

calculate single/bi-exponential fits.

6.3 Results and Discussion

ClGaPc is a relatively new donor material in the realm of OSCs, with only a few
uses in literature [10, 11]. However, it is shown here to provide reasonable efficiencies
(upwards of 2.9% power conversion efficiency (PCE)) when mixed with Cg. Its
behavior as a donor, with regard to both processing and inherent physical properties, is
found to be similar to that of chloroindium phthalocyanine (ClInPc), a donor that is
somewhat more studied in literature [3, 4, 12], with strong absorption in the red/near-IR
(peak at 750 nm, shoulder at 664 nm). The energy level diagram for the various species
employed in the OSCs in this work as well as the absorbance spectra for both ClGaPc and
Ceo are provided in Figure 16. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) values for ClGaPc have been estimated
from the optical bandgap of the neat film, combined with a HOMO estimate from the V.
of a ClGaPc/Csy PHJ device.

58



LiF/Al 1.2
g——— o T i}
=—C60
c08 - _—
........................................ E clGape
WY S
ITo Al 204 |
........................ O
Y g \
0 T

_.é..déi} ....................... T TN 320 520 720 920

ITO/MoO, Wavelength (nm)

Figure 16: i. Energy level diagram for C1GaPc/C60 organic solar cells. ii. Absorbance
spectra of 50 nm films of Cgp and ClGaPc. Reproduced with permission from the PCCP
Owner Societies.

In the present study, ClGaPc and Cgy are incorporated into various device
architectures, as detailed in Figure 17 while maintaining a total device thickness of 40nm.
The device thickness is specifically chosen to provide reasonable efficiencies — thicker
devices generally suffer from poor FFs, while thinner devices suffer from poor short
circuit current densities (Js;). In all devices, a 5-nm MoO; hole extraction layer (HEL)
and an 8-nm BCP electron extraction layer (EEL) are used. The devices are labelled ‘A’
through ‘E’, corresponding to the PHJ, BHJ, BHJ/acceptor, donor/BHJ and full PM-HJ
device architectures respectively. Note that with current nomenclature the BHJ/acceptor
and donor/BHJ OSCs are technically considered PM-HJ devices; however, for simplicity,
we refer to the PM-HJ as the full PM-HJ OSC that includes both neat donor and acceptor
layers. In the case of the PHJ, the thicknesses of the layers are varied in order to vary the
donor-to-acceptor content. In devices B through E, the donor-to-acceptor ratio within the
mixed layer (BHJ) is varied. As will be discussed in greater detail below, for the cases
where high Cep content is used and the mixed BHJ layer is in direct contact with the
ITO/MoOs3 anode, a Schottky contact is formed. In effect the structures presented in
Figure 17 represent the full spread of viable device architectures with the constituent
materials, and thus can provide a full picture of charge transport considerations as they

relate to OSC efficiency.
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Figure 17 - Illustration of OSC Device Architectures, including: a) planar heterojunction
(PHJ), b) bulk heterojunction (BHJ). ¢) BHJ with a neat acceptor layer, d) BHJ with a
neat donor layer and e) planar-mixed molecular heterojunction. Reproduced with
permission from the PCCP Owner Societies

The photovoltaic output parameters for devices A through E as a function of Cg
content are provided in Figure 18. From the first panel in Figure 18, it is clear that the
BHJ and BHIJ/acceptor device architectures (structures B and C respectively) offer the
highest efficiencies — the latter allowing for 2.9% PCE at a 1:7 ClGaPc:Cg mixing ratio.
The worst performing devices are those that employ a donor/BHJ device architecture
(structure D), with PCE values less than half of that of structure C for the same mixing
ratios. The PM-HJ device architecture (structure E) grants slightly improved efficiencies
compared to that of equivalent PHJ devices (structure A). Interestingly, the PM-HJ drops
in efficiency at higher Cqy content, and so it cannot compete with devices B and C for the
1:3, 1:5 and 1:7 ClGaPc:Cgp mixing ratios. In general, all devices show improvement in
PCE with more Cgp content than ClGaPc donor content. To better understand these
trends in efficiency with changes in device architecture, it is necessary to examine the
photovoltaic output parameters (Js, FF and V) in greater depth and in combination with
EQE measurements as well as transient photoresponse measurements. To accomplish
this task in a meaningful manner, we will compare the device architectures incrementally

in terms of their structural complexity.
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Figure 18 - Photovoltaic output parameters of ClGaPc:Csy OSCs with varying device
architectures and varying acceptor (C60) content. Devices A through E correspond to the
PHJ, BHJ, BHJ/acceptor, donor/BHJ and PM-HJ device architectures respectively.
Reproduced with permission from the PCCP Owner Societies

6.3.1 From Planar Heterojunction to Bulk Heterojunction

We begin our analysis with a comparison of the most straightforward device
architectures, the PHJ and BHJ (structures A and B respectively from Figure 17 and
Figure 18). This follows naturally from the historical development of OSCs in literature,
which evolved from the simple bilayer heterojunction (PHJ),[13] to the BHJ [14-16].
Such comparisons have also recently been made from a theoretical standpoint to better
elucidate photocurrent generation [17]. This basic comparison serves as an ideal starting
point to allow us to later analyze the more complicated device architectures (structures C
through E) in light of our chosen suite of characterization techniques. For the PHJ, the
Ceo content is varied by changing the layer thicknesses while maintaining a summative
active layer thickness of 40 nm. In contrast, the BHJ comprises a fully mixed 40 nm

active layer with varied donor-to-acceptor content.
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The PHJ device (structure A) shows moderate PCE values, varying from 0.7% to
1.6% with higher performance for thicker Ceg layers and, accordingly, for thinner ClGaPc
layers. Improvement in PCE with a thicker Ceg layer are largely due to the improvements
in FF with increasing Ceo content, as shown in Figure 18-iv. This improvement in FF is
associated with an improvement (i.e. a decrease) in series resistance, as is visible from
Figure 18-vi. The stark improvement in series resistance and fill factor with a thicker Ceg
layer is indicative of improved charge transport properties of Cgp compared to ClGaPc. It
is worth noting that optimal PHJ configurations that employ relatively thicker Cgo layers
in bilayer heterojunction devices have been used for numerous other small molecule
donor species in literature, so the comparatively poor mobility of ClGaPc is not believed
unique to this specific donor [18-20]. The relatively poor hole mobility of CuPc, a close
relative of ClGaPc, compared to Cep is also well established in literature, and is even

more strongly evident when considering hole/electron mobilities in mixed layers [21].

Interestingly, the J, is also shown to improve with increasing Cgo layer thickness
and decreasing ClGaPc layer thickness. This is counterintuitive, as ClGaPc absorbs
much more strongly in the visible wavelengths compared to Cep. Therefore, it would
seem that decreasing the ClGaPc content should decrease the amount of photocurrent
generated within the OSC. In order to understand this effect, it is useful to examine the
EQE spectra, as shown in the top panel (A) of Figure 19. It is clear that the photocurrent
contributions from ClGaPc are maximized even at the smallest ClGaPc thickness (10 nm
ClGaPc / 30 nm Cgp), suggesting that the ClGaPc exciton diffusion length is the most
critical limitation for this device architecture (i.e. excitons generated > 10 nm from the
heterojunction do not yield photocurrent). Furthermore, the increase in Js, with
increasing Ceo layer thickness is found to be largely due to the strong increase in EQE at
450 nm, which we have previously shown to be due to Cey aggregate absorption. It
follows that increasing the thickness of Cg increases the number of Cgy aggregates. An
additional contributor to photocurrent with increasing Cgo layer thickness is the broad
increase in EQE from 530 nm to 730 nm. While this increase appears as a

hypsochromatic shift of the 750-nm ClGaPc absorption, it is unclear how decreasing the
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ClGaPc content would result in such a drastic shift in peak absorption — such changes are
not observed in the UV/Vis absorbance of neat films of ClGaPc. Instead, we look toward
the increasing Ce layer thickness. To this end, it has been established that the Frenkel
exciton bandgap in fullerenes can be quite low in energy — on the order of 1.7 eV to 2.3
eV [22]. Yang et al. showed that these low energy Frenkel excitons can be efficiently

harvested when paired with a donor material at low donor concentrations [23].
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Figure 19 - External quantum efficiency spectra of the PHJ (A) and BHJ (B) ClGaPc/:Cq
OSCs with different layer thicknesses (PHJ) and Cgy content (BHJ). Reproduced with
permission from the PCCP Owner Societies.

To study this effect in our devices, it is necessary to decouple the EQE
contributions from CIGaPc and from Cgy. Therefore, as a rough approach to visualize the
low energy Cgo Frenkel excitons, the 750 nm/664 nm ClGaPc peak/shoulder contributions
were removed from the EQE spectra (using the ClGaPc absorption from Figure 16). The
modified EQE spectra are shown in Figure 20. These data clearly show that the apparent

shift in peak EQE is due to tail-end photocurrent contributions from Cey from low-energy
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Frenkel excitons. Consequently, the apparent shift in peak EQE increases with increasing

Ceo layer thickness.
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Figure 20 - Modified external quantum efficiency spectra of the PHJ ClGaPc/C60 OSC
with varying layer thicknesses. Pc contributions have been subtracted using normalized
UV/Vis data (described in the body of the manuscript). Reproduced with permission from
the PCCP Owner Societies.

It is now interesting to compare the PHJ device (structure A) architecture to those
devices that use a 40-nm BHJ (structure B), as shown by their photovoltaic output
parameters in Figure 18. While the PHJ maximizes its PCE at 1.6% with 62.5% Cg
content, the BHJ reaches a substantially higher PCE of 2.4% at 75% Cg content. The
most significant improvement in the transition from the PHJ to the BHJ structure is the
increase in Ji, owed to the improved exciton collection efficiency from the
interpenetrating donor:acceptor network. In terms of EQE, shown in panel B of Figure
19, it is clear that the BHJ shows much improved photocurrent contributions from both
ClGaPc and Cg at nearly all mixing ratios. As the mixing ratio is varied from ClGaPc-
rich to Cep-rich in the BHJ, there is a clear tradeoff between ClGaPc photocurrent in the
red/near-IR and Cg aggregate photocurrent at ~450 nm. In general, it is more difficult to
form Cs aggregates with high ClGaPc content, and so the 450 nm absorption disappears
at the 3:1 ClGaPc:Cg mixing ratio. Furthermore, the Ji is optimized at a 1:3 ClGaPc:Ce
mixing ratio, which balances the ClGaPc and Cgp photocurrent contributions optimally.

The transition from the PHJ to the BHJ structure offers an additional benefit to the V., as
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shown in Figure 18-iii. For the PHJ, the V. is relatively constant at ~770mV regardless
of Cgo content; however, for the BHJ, the V. is observed to increase with increasing Ceo
content to a maximum value of 1020mV at a 1:7 ClGaPc:Cgq mixing ratio. This
enhancement in V. occurs as a consequence of a Schottky-type junction formed between
the mixed layer and the high work function ITO/MoO3 anode. Furthermore, the Schottky
junction forms when the mixed layer contains a high concentration of Cg. The PHIJ,
which uses a neat donor layer adjacent to the anode, cannot possibly benefit from this
Schottky interface. Consequently, for the PHJ, the V. is dictated by the HOMOonor-
LUMOgceepior Offset, whereas for the Schottky device architecture (BHJ with high Cgg
content), the V. is set by the band-bending at the organic/anode interface — essentially by

the C¢o LUMO and the anode’s effective work function.

While the transition from the PHJ to the BHIJ device architecture enhances the Jg,
it also degrades the FF due to the poor charge transport properties of the mixed organic
layers compared to neat organic layers. From Figure 18-iv, the PHJ shows a 20%
improved FF compared to the BHJ when both OSCs have 75% Cg content. This loss in
FF is primarily manifested as a lower shunt resistance, suggesting that the BHJ is
generally more prone to charge recombination effects. To better understand these charge
recombination effects, we now examine the transient photoresponse of these two different
device architectures. To this end, we excite the OSCs with a pulse of light from an LED,
and then measure the photocurrent decay immediately after the light pulse. Single
exponential fits are used to characterize the photocurrent decay, as per equation (1)
below, to calculate the relevant time constant t.

I =A-exp(—Bt), B=1/t ()

The specific details of the transient photoresponse measurement technique are
described in the experimental section; however, some crucial notes for analyzing these
data are discussed presently. When considering transient photocurrent decay, there are
two major pathways that significantly alter the fall time: sweep-out of free carriers and
charge recombination. Faster sweep-out of charge carriers is generally beneficial, and

helps to prevent charge trapping and space charge effects. Increased recombination,
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however, also serves to reduce the fall time, and is a harmful effect that can lower the fill
factor to ultimately degrade the OSC performance. It is thus emphasized that faster
devices do not always correspond to more efficient devices, and it is necessary to
examine the transient photocurrent measurements in the context of their device

architectures and all of their photovoltaic output parameters (as shown in Figure 18).

The extracted t values as a function of the Cgp content within the OSC for both the
PHIJ (structure A) and the BHJ (structure B) are shown in Figure 21. In both cases, it is
clear that the t values, which reflect the photocurrent decay time, decrease with
increasing Cego content (i.e. Ceo-rich devices are ‘faster’). In the case of the PHJ, the
faster photocurrent transient can be explained simply: Cgo exhibits superior electron
transport properties compared to the hole transport properties of ClGaPc. This
conclusion corresponds well to the previous analysis of the OSC photovoltaic output
parameters, which showed an increase in FF and decrease in series resistance with
increasing Cgo content. The reduced series resistance results in a smaller voltage drop
over the active layers of the device, and so the sweep-out of free carriers is expected to be
more effective. With a faster sweep-out of free carriers, the transient photocurrent decay

time decreases as is observed in Figure 21.
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Figure 21 - Single exponential fit tau values for transient photocurrent decay (falling
current) after illumination with a white LED pulse. Tau values are plotted vs. C60
content for PHJ and BHJ ClGaPc:/C60 OSCs. Reproduced with permission from the
PCCP Owner Societies.
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The t values for the BHJ OSC are found to change much more strongly with
varying Ceo content compared to the PHJ OSC. With very high donor content (75%
ClGaPc), the BHJ OSCs are slower than the PHJ OSCs — 21 ms versus 18 ms for the two
structures respectively. This is attributed to the generally poor charge mobilities of the
ClGaPc-rich mixed layer hindering sweep-out. At high Cgo concentrations, the BHJ is
much faster than the PHJ, with the BHJ having a t value of 10 ms at its highest Ceo
concentration. The ultimately faster transient photoresponse of the BHJ is attributed to
an increase in charge trapping and recombination within the device. Such stipulations are
supported by the generally lower fill factors of the BHJ OSCs compared to the PHJ
OSCs. Charge trapping and recombination effects are especially prevalent in devices
with high Cg content, where the low donor concentration may result in islands of donor
material and, correspondingly, holes are unable to reach the anode. It is further
highlighted that hole transport in Cgo-rich OSCs would be especially problematic for
holes formed far from the anode (i.e. those holes that are formed up to 40 nm away from
the hole-collecting electrode). The combination of enhanced sweep-out (due to higher
mixed layer Cqo content as well as Schottky band bending effects), and increased rates of
recombination (due to trapped holes deep within the mixed layer) are thus suggested to be
responsible for the 10 ms t values in 1:7 ClGaPc:Cgy BHJ OSCs. This stipulation will be
revisited in section 2.2, where neat donor and acceptor layers bordering the BHJ layers

are considered for their effect on transient photocurrent.

6.3.2 From Bulk Heterojunction to Planar-Mixed Structures

1. Mixed Layer/Acceptor Structures

We now consider the performance of OSCs that employ the BHJ device
architecture (structure B) relative to the OSCs that employ a BHJ in combination with a
neat donor and/or a neat acceptor layer (in Figure 17, structures C through E for the
BHJ/acceptor, donor/BHJ and PM-HJ respectively). The BHJ/acceptor structure is
particularly interesting given its very high performance in literature, with recent

tetraphenyldibenzoperiflanthene (DPB):C;0/C790 OSCs granting 8.1% PCE single cell
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efficiencies [24]. In the present work, the BHJ/acceptor structure employs a 20 nm
ClGaPc:Cep BHJ adjacent to a 20 nm neat Cq layer, as compared to the 40 nm simple
BHIJ discussed in Section 6.3.1. As shown in Figure 18-i, both the BHJ and the
BHJ/acceptor structures offer similar PCE values when the BHJ employs 25% to 75%
Ceo. Within these mixing ratios, the BHJ/acceptor structure generally has PCE values
~0.2 to 0.3% higher than the BHJ structure. The BHJ/acceptor structure is further the
only device architecture that improves in PCE from the 1:3 to the 1:7 donor:acceptor
mixing ratios. At a 1:7 ClGaPc:Csy mixing ratio, the BHJ/acceptor structure obtains the

highest PCE values for this study at 2.9%.

To understand the variations in PCE, it is necessary to examine the individual
photovoltaic output parameters in greater detail. From Figure 18-iii, both the BHJ and
the BHJ/acceptor structures share nearly identical V. values for all donor:acceptor ratios,
increasing strongly with increasing Cgqo concentration. This follows naturally, as both
device structures include an MoQ3/ClGaPc:Cg interface, with their V,. values dictated
by the Schottky band bending effects (as described in Section 6.3.1). From Figure 18-ii,
the Js. values are also similar among the two device structures, with the BHJ generally
offering slightly enhanced J values compared to the BHJ/acceptor structure with higher
Ceo content. In terms of EQE, as shown in Figure 22-i versus Figure 22-ii, the higher Js
for the simple BHJ can be understood by slightly improved ClGaPc photocurrent
contributions and a strong improvement in Cg aggregate photocurrent contributions. The
improvement in Cgp aggregate photocurrent with the simple BHJ is unexpected, as it was
assumed that the higher Cg content in the BHJ/acceptor structure would result in higher
photocurrent contributions from Cg. It is suggested that intermolecular Cg excitons may
be more efficiently separated into free carriers when the Csp aggregates are
homogenously mixed with the donor, rather than being present in a pure layer and
adjacent to a donor or mixed material. This stipulation is supported by our past work,
which showed that a small concentration of a suitable donor is required to harvest
photocurrent from the intermolecular Cgy excitons in any manner,'”! thus implying that
photocurrent generation from this Csy aggregates is strongly dependent on the donor

species. Interestingly, the BHJ/acceptor structure shows higher Ji. values with lower
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mixed layer Cg content. This variation can be explained simply from Figure 22, where
the presence of the neat Cq layer allows for meagre intermolecular Cgp/aggregate
photocurrent contributions even when Cgy aggregates cannot be formed in the mixed

layer (i.e. at 25% Cep).
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Figure 22 - External quantum efficiency spectra of the BHJ (B), BHJ/acceptor (C),
donor/BHJ (D) and PM-HIJ (E) ClGaPc:Csy OSCs with varying Cg content. Reproduced
with permission from the PCCP Owner Societies.

Since the V. is nearly identical for both the BHJ and BHJ/acceptor structures,
and the changes in J;. between the structures are not significant, the main differences
between these two device architectures must be understood in terms of FF. The
BHJ/acceptor structure exhibits strongly improved FF values compared to the BHJ, as

shown in Figure 18-iv. Furthermore, while the BHJ structure shows relatively constant
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FF values with variations in mixed layer Cq content, the BHJ/acceptor structure shows
strongly improved FF with increasing Ceo content. Intuitively, the neat Ceq layer has a
higher electron mobility compared to the mixed layer, thereby reducing the series
resistance to enhance the FF. This is especially prevalent at high C¢y concentrations, as
shown in Figure 18-vi. A second consequence of the BHJ/acceptor structure is an
effective halving of the mixed layer compared to the BHJ and, more significantly,
positioning the thin mixed layer close to the anode. In Section 6.3.1, it was stipulated
that isolation and subsequent accumulation of holes within the mixed layer (i.e. far from
the hole-collecting electrode) causes significant carrier accumulation and recombination
effects. As such, it is natural that removing the mixed layer can substantially improve the
fill factor. This fact is further supported by the substantial improvement (increase) in
shunt resistance for the BHJ/acceptor device compared to the BHJ, especially with high
Ceo content, shown in Figure 18-v. To better understand the improvement in FF, R and
Rs, it is convenient to extend the transient photocurrent decay analysis to the
BHJ/acceptor structure. The single exponential t values from transient photocurrent
decay experiments for the BHJ and the BHJ/acceptor device are shown in Figure 23,
alongside the data for the remaining device structures (D and E, the donor/BHJ and PM-
HIJ respectively). As with the simple BHJ, the BHJ/acceptor structure exhibits decreasing
t values for increasing Cq content. This can similarly be attributed to more efficient
sweep-out of free carriers due to the superior transport properties of Cgp. Of more critical
interest, the t values for the BHJ/acceptor structure are noticeably higher than the simple
BHI structure for nearly all mixing ratios (excluding the 3:1 ClGaPc:Cs mixing ratio).
In the context of the photovoltaic output parameters described above, the BHJ/acceptor
structure has no donor material present deep within the device (near the cathode). As
such, holes cannot become isolated and subsequently accumulate in the sparsely
distributed donor regions far from the anode. Those holes that are formed do so only in
the 20 nm mixed layer adjacent to the anode, where they may be more effectively
collected. As such, it is expected that replacement of 20 nm of the mixed layer with neat
Ceo in the BHJ/acceptor structure reduces hole accumulation and subsequent

recombination. The effect of reducing recombination is, however, to slow the device,
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and so the BHJ/acceptor structure is observed to have a slower transient response (larger

t) compared to the simple BHJ.
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Figure 23 - Single exponential fit tau values for transient photocurrent decay (falling
current) after illumination with a white LED pulse. Tau values are plotted vs. C60
content for BHJ. Reproduced with permission from the PCCP Owner Societies.

2. Donor/Mixed Layer Structures

Given the strong enhancement in device performance with the addition of the neat
Ceo layer to the simple BHJ structure, it is natural to question the effect of instead adding
a neat donor layer. As such, we now turn our attention to the donor/BHJ (structure D) as
compared to the simple BHJ (structure B). From Figure 17, structure D replaces 10 nm
of the mixed layer adjacent to the anode in the simple BHJ with a neat ClGaPc layer.
The photovoltaic output parameters for this structure are also plotted in Figure 18, where
it is immediately clear that the inclusion of the neat donor layer strongly degrades OSC
performance. The donor/BHJ structure is shown to be the worst-performing device
architecture, with only 0.3% PCE at a 3:1 ClGaPc:Csy mixing ratio, and PCE values less
than half of those of the simple BHJ structure at all other mixing ratios. The most
immediate hint for this decrease in efficiency is the generally high series resistance for
the donor/BHJ structure, as shown in Figure 18-vi, which increases drastically for the 3:1

and 1:1 ClGaPc:Csp mixing ratios. The strong increase in series resistance follows from
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the generally poor charge transport properties of ClGaPc compared to Ceo, established
with the PHJ in Section 6.3.1. The effect of poor charge transport in the donor/BHJ
structure, however, is further intensified by two additional factors:
- the poor charge transport properties of the donor:acceptor mixed layer, as
compared to the neat Cgo film that is employed in the PHJ
- the much higher increase in photogenerated carriers due to presence of the

mixed layer, as compared to the single donor-acceptor interface in the PHJ

The combination of these factors results in a device architecture that is incredibly
susceptible to space charge effects, and as a consequence, prone to poor charge
extraction. To this end, upon illumination, a large number of holes are generated within
the mixed layer of the device and traverse to the donor-mixed layer interface. The
generally poor hole transport properties of the neat donor layer result in an accumulation
of holes to cause space charge effects and further degrade OSC performance. If the
mixed layer is highly acceptor-rich, it follows that the performance of this device

structure approaches that of the 10nm ClGaPc/30 nm Ce PHJ.

Taking this explanation into consideration, the performance of the donor/BHJ
structure may be broken into two different regimes: mixed layers with low/moderate Ceo
content, and mixed layers with high Cey content. For the low Cgo-content devices, the
series resistance is very high due to the poor charge transport characteristics of the neat
donor layer and donor-rich mixed layer. Furthermore, comparing the donor/BHJ
structure to the simple BHJ structure at 3:1 and 1:1 donor-acceptor ratios, the neat donor
layer effectively acts as a charge blocking layer, resulting in a strong increase in the shunt
resistance, as observed in Figure 18-v. It follows that both the FF and Js suffer strongly
at these mixing ratios. As shown by the EQE in Figure 22-iii, photocurrent contributions
are strongly decreased across all wavelengths for these mixing ratios. The photocurrent
contributions also lose their fine spectral detail, with the peak and shoulder of the ClGaPc
photocurrent merging together. Furthermore, both 3:1 and 1:1 ClGaPc mixing ratios
provide virtually no Cgp aggregate photocurrent contributions, as the Cey content is too
low to form aggregates. The poor FF at these mixing ratios is supported by the

substantial increase in the time constant of the transient photoresponse of the donor/BHJ
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device, shown in Figure 23. Specifically, the t values increase drastically to 31 ms for
1:1 ClGaPc:Cgp and 520 ms for 3:1 ClGaPc:Cgy (the latter point not shown in the figure).
While the poor charge transport properties of the neat donor layer and the donor-rich
mixed layer clearly limit the performance of these OSCs, it is worth noting that the
charges present within these devices are incredibly long-lived. To this end, the
photogenerated carriers are not being swept out quickly; however, they are also not

undergoing rapid recombination.

While increasing the Cqo content in the mixed layer can alleviate charge transport
problems in the donor/BHJ structure, its ultimate performance is still quite poor.
Specifically, since this structure employs a neat donor layer, and thus lacks the interface
between the mixed layer and the high work function anode, it no longer benefits from the
Schottky interface enhancement to V.. This is observed clearly in Figure 18-iii, where
the V. for structure D generally tracks the V. values set by the PHJ (structure A). The
Jsc for the donor/BHJ structure is also lower than that of the BHJ, as the excitons that are
formed in the neat ClGaPc layer far from the mixed layer interface do not generate
photocurrent. This follows from the low exciton diffusion length for ClGaPc established
with the PHJ structure in Section 6.3.1. This effect is clearly visible in the EQE in Figure
22, where the peak photocurrent contributions from the ClGaPc in the donor/BHJ
structure (1:3 to 1:7 mixing ratios) are much lower than that of the simple BHJ device, in
spite of the 10 nm neat ClGaPc layer. It is also observed that, with the replacement of 10
nm ClGaPc:Cgp with 10 nm of ClGaPc (i.e. comparing structure B to D), the Cqp
photocurrent contributions are reduced accordingly. Interestingly, the t values extracted
from the transient photocurrent experiments for the donor/BHJ structure are nearly
identical to those of the simple BHJ when both structures employ high Cep content in
their mixed layer. This is observed clearly in Figure 23 for 75% and 87.5% Cgo content.
The fast response at these mixing ratios follows from the high level of recombination due
to holes formed in isolated pockets of donor deep within the mixed layer. This is the
same effect established for the simple BHJ in Section 6.3.1 — essentially trapped holes
formed far from the anode are unable to traverse the mixed layer due to the mixed layer’s

low donor content.
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6.3.3 Full Planar-Mixed Molecular Heterojunction

The final device architecture studied in this work is the full PM-HJ (structure E),
which makes use of both a neat donor and a neat acceptor layer. When compared to the
simple BHJ (structure B), 10 nm of the mixed layer near the anode is replaced with neat
ClGaPc, and 20 nm of the mixed layer near the cathode is replaced with Csp. Therefore,
this final device structure encompasses both of the alterations made for the BHJ/acceptor
structure and the donor/BHJ structures examined above. From Figure 18-i, the PM-HJ
structure generates devices with moderate PCE values in between those of the other
device structures examined in this work. Furthermore, the PM-HJ structure has PCE
values that are the least dependent on Ce content in the mixed layer — between 1.4% and
1.8% for 3:1 to 1:5 ClGaPc:Cs mixing ratios. One major contributor to this
independence of PCE on mixing ratio is that the PM-HJ structure exhibits a relatively
constant V. ( Figure 18-iii). As noted for the donor/BHJ structure, this is due to the neat
ClGaPc layer separating the high work function anode from the Cgo-rich layer, preventing
prevent the Schottky device architecture. Consequently, the V. is simply set by the
HOMOonor-LUMOgccepior Offset, and it does not benefit from the Schottky interface
enhancement observed in structures B and C. In Figure 18-ii, the PM-HJ structure’s Js
is also shown to be relatively constant with variations in Cgo, with values near ~4mA/cm®
for all mixing ratios. From Figure 22, this translates to EQE spectra with much less
drastic variations in intensity, especially when compared to the simple BHJ. This is due
to the fact that, with neat layers of both ClGaPc and Cg, there are always moderate
contributions to photocurrent from both the ClGaPc and Csp. Furthermore, as the Ceo
content is increased in the mixed layer, any loss in photocurrent from ClGaPc is
compensated by an increase in photocurrent from the Cq aggregate band (and vice
versa). Regardless, the Ji. for the PM-HJ structure is, as expected, shown to be lower
than that of the simple BHJ, since the simple BHJ has a much thicker mixed layer to

generate a substantially larger number of free carriers from photogenerated excitons.

Intriguingly, while the PM-HJ structure makes use of a neat donor layer, it does

not suffer from the same increases in series resistances as observed for the donor/BHJ
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structure. It is thus shown to be the combination of the neat donor layer and a thick (> 10
nm) mixed layer (especially when the mixed layer has low Cg content) to be the cause of
strongly increased series resistance for the donor/BHJ structure. In fact, the PM-HJ
structure is shown to have the some of the best shunt and series resistances (highest and
lowest in Figure 18-v and Figure 18-vi respectively) for the various device architectures
studied in this work. The devices that outperform the PM-HJ in the regard are those that
employ the PHJ structure, and those that use the BHJ/acceptor structure with high Cgo-
content mixed layers — the latter was shown to be the highest performing structure in the
present study. The PM-HJ structure’s high shunt resistances and low series resistances
translate to a relatively high FF for the PM-HJ for most mixing ratios, as shown in
Figure 18-iv (especially when compared to the simple BHJ). The high FF is explained by
the fact that this device structure replaces a large portion of the mixed layer, known to
have poor charge transport characteristics and a high propensity for charge
recombination, with neat layers that lessen such issues. The operation of the PM-HJ is
thus similar to that of the PHJ examined first in Section 6.3.1, but with a higher capacity
for photocurrent generation due its use of a 10 nm mixed layer. At very high Ceo
concentrations in its mixed layer, however, the PM-HJ shows a slight reduction in FF,
which can be attributed to poor hole transport characteristics through the mixed layer, and

increased hole accumulation/recombination effects.

The general transient photocurrent behavior for the PM-HJ is similar to that of the
other device structures examined throughout this work. As shown in Figure 23,
increasing the Cgp content in the mixed layer serves to decrease the time constant t,
implying that the Cep-rich PM-HJ device is faster. As with the simple BHJ, this is
attributed to enhanced sweep-out of free carriers, owing to the better charge transport
characteristics of Cgp compared to ClGaPc. The ultimate t value at the highest Ceo
concentration, however, is higher than that of the simple BHJ and the donor/BHJ
structure. This further verifies our previous stipulations regarding hole accumulation and
trapping deep within the mixed layer (i.e. far from the anode). Since the PM-HJ employs
only a 10-nm thin mixed layer, and has a neat 20-nm Cg¢ layer near the cathode, isolated

domains can only be formed 10 to 20 nm away from the anode. As such, isolated holes
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cannot be formed as far away from the anode, and recombination effects due to hole
trapping is reduced. By reducing recombination effects, it follows that charges generally

show longer lifetimes, as is observed for the PM-HJ structure.

The PM-HIJ structure has been shown to generate OSCs with high FF values
relative to the other mixed-layer structures examined in this work. However, its
maximum FF of ~50% leaves significant room for improvement, especially with
optimized polymer OSCs proven to be capable of FF values of 75% [25]. To further
understand the limitations of this device architecture, we extended our transient
photocurrent analysis by employing colored LEDs with much higher brightness values at
the materials’ major absorption wavelengths (blue and red LEDs for Cep and ClGaPc
respectively). The effect is to substantially increase the number of excitons generated at
a given LED power. In literature, it has been shown that increasing the number of
excitons, and thus the number of photogenerated carriers, can lead to space charge effects
visible in transient photocurrent experiments [6-8,26]. In a transient photocurrent
experiment, space charge effects are manifested as a peak increase in photocurrent and
subsequent stabilization at lower photocurrents with the initial pulse of light. In some
cases, authors have noticed a negative photocurrent peak recovery at the end of the light
pulse. The negative photocurrent implies the injection of carriers from the contacts to
neutralize carriers that remain within the device due to insufficient sweep-out, essentially
arising from space charge effects. It is also worth noting that this negative recovery is
strongly dependent on the device architecture, as the carriers must favor accumulation
over various potential avenues for recombination (i.e. the charge carrier lifetime must be
quite long). This negative photocurrent recovery is demonstrated in Figure 24-i, which
shows the transient photocurrent decay for a PM-HJ ClGaPc:Cgy OSC with both dim and
bright light pulses. In the case of a dim white LED pulse, no negative transient is
observed, but in the case of a bright blue LED pulse, a significant negative spike and
subsequent recovery is observed. Furthermore, when either bright red or blue LED light
pulses are used, all of the mixing ratios in the PM-HJ structure show this negative
photocurrent recovery at the end of the light pulse. However, this behavior is not

observed for any of the other device architectures — it is unique to the structure E, the full

76



PM-H]J, and it emphasizes the generally low recombination rates and high FF with this

device architecture.
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Figure 24 - i. Transient photocurrent decay of a 1:7 ClGaPc:C60 PM-HJ OSC under
bright light and dim light. ii. Single exponential fit (SE) and double exponential fit (DE)
t values for the transient photocurrent decays of PM-HJ ClGaPc:Cgy OSCs. Reproduced
with permission from the PCCP Owner Societies.

In order to better understand this effect, a single exponential fit was performed on
the negative photocurrent transient recoveries (using a bright blue LED pulse) for the
PM-HJ devices, as per equation (1). The t values extracted from this analysis are shown
in Figure 24-ii under the label ‘SE —t, bright,” where SE refers to a single exponential fit.
This negative transient recovery occurs over a much longer timescale (hundreds of ms)
than the simple transient photocurrent decay observed with dim white light (tens of ms,
Figure 23). This is due to the slow injection of carriers from the electrodes to
compensate for the accumulated charges within the device, especially compared to the
fast sweep-out of free carriers in the PM-HJ under dim white light where space charge
effects are not as severe. We also performed a biexponential fit, as per equation (2), on
the basic photocurrent transient decay curves of the same devices illuminated with a dim
white LED light pulse (i.e. those curves fitted previously with a single exponential term
in Figure 23).

I'=A;-exp(=Byt) + Ay -exp (=Byt), By =1/11; B, =1/7,(2)
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In this case, the biexponential fit provides slightly better R* values (generally
>0.999 versus >0.9), indicating that the added exponential term allows for a more
accurate representation of the data. The biexponential fitted t; and t, values for the PM-
HJ devices with varying mixing ratios are also shown in Figure 24-ii. The fast t;
component of the biexponential fit is relatively constant at ~10ms for all mixing ratios.
More significantly, from Figure 24, the slow t, component of the fit is found to have the
same variations with mixing ratio and a similar timing as the t values extracted for the
negative transient recovery (when illuminated with the bright blue LED pulse). It is thus
strongly implied that the slow component of the biexponential fit is related to a weak
space charge effect, which is present even under dim white light. In other words, even
with low light intensity, the PM-HJ structure is susceptible to charge accumulation and
associated space charge effects. These space charge effects become dominant with more
intense light and, correspondingly, a higher exciton generation rate that leads to a larger
number of charges within the photo-active layers. As the space charge effects become
dominant, the transient photoresponse of the device slows. Furthermore, in the case
where the charges do not rapidly recombine at the end of the light pulse, a negative

photocurrent transient is observed.

Interestingly, while structures C and D (BHJ/acceptor and donor/BHJ
respectively) did not show the negative photocurrent transients with bright red/blue LED
pulses, their transient photocurrent decays were also successfully fit with a biexponential
model (for dim white LED pulses). To this end, these structures’ photocurrent decays
showed slightly improved R? values with biexponential fits, had non-zero pre-exponents
(A and A; in equation (2)) and exhibited realistic t; and t, values (with a fast t; and a
slow t, for each fit). However, when the biexponential fit was applied to the photocurrent
decays of structures A and B (the PHJ and simple BHJ respectively), the second pre-
exponential term always converged to zero, indicating that the single exponential model
already adequately described their transients. Having established the slow t, value in the
biexponential fit to be related to space charge effects, it follows that structures C, D and E
may all suffer from weak space charge effects. The commonality in these structures is

the combination of a mixed layer with a neat donor and/or acceptor layer. =~ Upon
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illumination, the interface between the mixed layer and the neat donor or acceptor layer is
a region of high charge density, as this interface contains charges from two exciton
sources:

- excitons formed throughout the full thickness of the mixed layer

- excitons formed in the neat layer and within the exciton diffusion length of the

mixed/pure interface

The large concentration of free carriers at this interface is a potential contributor to space
charge effects, especially in light of the generally poor hole transport within these
materials, as established through our previous analysis. In the case of structure C
(BHJ/acceptor), the large concentration of holes at this interface must traverse the entire
thickness of the mixed layer, with the mixed layer known to have poor hole transport
properties. In the case of structure D (donor/BHJ), the large number of holes must
traverse the full thickness of the neat ClGaPc layer, which has also been demonstrated to
have relatively poor hole transport properties especially compared to electron transport in
Ceo. Structure E (full PM-HJ) has both interfaces present, and so it suffers from these
effects most strongly. While space charge effects have been noted as a strong limiter
toward device performance for the PM-HJ, the remarkably long free carrier lifetimes in
this device architecture are re-emphasized. The PM-H]J structure is therefore a promising
device architecture for high performance OSCs, but only in the case where both the donor
and acceptor materials are optimized for high free carrier mobilities and thus to prevent
space charge effects. An ideally designed donor would also optimally have an HOMO to
provide V,. values near 1V so that Schottky effects do not provide substantial
performance enhancements — essentially granting greater freedom in device architecture.
The success of more complicated device structures in literature, such as the p-i-n
architecture, or those that employ gradient mixed layers, [15] can at least in part be
attributed to their tackling space charge effects. In the prior case, this is accomplished
explicitly by bolstering the charge transport properties of the neat layers. In the latter
case, space charge effects can be minimized implicitly by minimizing the accumulation

of charges at any specific region within the photo-active layers.
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6.4 Conclusions

In this work, we have shown that the optimal device architecture relates strongly
to the charge transport characteristics of the active materials, and is ultimately limited by
poor donor and mixed layer hole mobility for the ClGaPc:Cg materials system. To this
end, the highest performing OSCs are found to employ a BHJ/acceptor device structure.
By combining photovoltaic output parameters with EQE spectra and transient
photocurrent measurements, we have demonstrated that the BHJ/acceptor structure
optimizes the tradeoff between charge generation and charge collection. The
improvement in performance with device architecture is strongly associated with
enhanced sweep-out, and thus associated with minimizing both charge trapping and
charge recombination effects. This is further accomplished while maintaining a relatively
high Ji by balancing ClGaPc photocurrent contributions with the contributions from
intermolecular/aggregate Cqo. The BHJ/acceptor structure also benefits from Schottky
contact effects to increase its V. to values in excess of 1V, and so its performance is
maximized at very high Cgo ratios. In contrast, the full PM-HJ device structure, which
employs both a neat donor and a neat acceptor layer, effectively reduces charge
recombination, but ultimately suffers from hole accumulation and space charge effects
that limit its sweep-out. Transient photocurrent measurements suggest that space charge
effects may be present and potentially problematic for any device architecture that
employs both neat and mixed layers in any combination. Doped transport layers and
gradient mixed layers are suggested as avenues to minimize these effects and to achieve

high efficiency vacuum deposited small molecule OSCs.

80



Chapter 7 — Effect of PTCDA and Cul Templating on Hole
Mobility and Performance of Phthalocyanine/C60 Organic
Solar Cells

Chapter Summary

Molecular templating is emerging as a new avenue for enhancing the efficiency of
phthalocyanine based organic solar cells. Templating forces the phthalocyanine
molecules to lie flat on the substrate leading to improved electrical and optical properties.
In this study, we examine the interplay between molecular templating, charge transport
and photovoltaic performance of zinc phthalocyanine, chloro-aluminum phthalocyanine
and boron subphthalocyanine planar heterojunction (PHJ) OSCs. We use both
perylenetetracarboxylic dianhydride (PTCDA) and copper iodide (Cul) as templating
layers in order to compare their templating efficacy in PHJ OSCs and differences in
interaction with each phthalocyanine. This chapter addresses objectives 3 and 4 of the

research work.

PTCDA-templated ZnPc OSCs show a 65.7% increase in efficiency and Cul-
templated ZnPc OSCs show a 43.4% increase in efficiency over control OSCs. The
performance improvements in templated ZnPc OSCs are mainly due to improved exciton
dissociation in the device. Contrary to expectations, templating reduces charge mobility
in ZnPc. PTCDA-templated CIAIPc PHJ OSCs show a 98.7% increase in efficiency and
Cul-templated CIAIPc PHJ OSCs show a 12.7% increase in efficiency over control
OSCs. The performance improvements in templated CIAIPc OSCs are due to
improvements in both exciton dissociation efficiency and charge transport. SubPc is only
templated by PTCDA and is unaffected by Cul. However, PTCDA templated SubPc
devices show reduced exciton dissociation and hence lower performance over controls.
Our findings indicate that the interaction between the phthalocyanines and templating

layers are unique to each combination and affect different aspects of OSC device physics.
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7.1 Introduction

Small-molecule organic solar cells have made large gains in efficiency in recent
years, reaching values as high as 8% [1]. Traditionally, the choice of donor/acceptor
materials and device architecture has been used to increase the efficiency of these OSCs
[2-8] . In recent times, control over the molecular orientation of the donor material has

emerged as a new avenue to realize large efficiency gains in OSCs [9-17].

The molecular orientation of a material affects its light absorption properties,
charge transport through the material and its exciton dynamics as described in detail in
Section 1.2 [14,15,18-22]. As a result, the molecular orientation plays a crucial role in
influencing the J,. of an OSC. Absorption is maximized when the transition dipole
moment of the molecule is parallel to the electric field of oncoming light [14]. Charge
transport and exciton diffusion should be maximized in a material along the m-w stacking
direction of its molecular planes. Since OSCs utilize vertical device architectures,
molecules with their planes lying flat on the substrate are preferred to molecules with

their planes arranged vertically on the substrate.

Recent reports in literature have shown that the molecular orientation of
phthalocyanine donor materials can be influenced by the use of templating layers such as
perylenetetracarboxylic dianhydride (PTCDA) or copper iodide (Cul) [17,23-29]. A
detailed background of molecular templating is provided in Section 2.2. When
phthalocyanines are deposited on top of weakly interacting substrates such as ITO/MoOs,
their molecules arrange themselves vertically or with a moderate tilt angle (from the
vertical) on the substrate [14]. On the other hand, when they are deposited on top of
templating layers, the phthalocyanine molecules lie with their planes flat on the substrate
or with a large title angle from the vertical [11,29,30]. For example, ZnPc molecules
align with their planes vertical (tilt angle ~0°) on the substrate when deposited on weakly
interacting substrates such as ITO/MoOs [14,16]. However, when deposited on Cul, the

tilt angle of ZnPc molecules increases to approximately 55°. Similarly, CIAIPc molecules

82



have a random orientation on ITO/MoOsbut a large tilt angle of 76° when deposited on

PTCDA [25].

The use of templating layers in planar heterojunction (PHJ) OSCs results in large
gains in efficiency due to the more favorable molecular orientation of the phthalocyanine
donor material. However, the degree of improvement in performance varies widely
depending on the choice of templating layer and the particular phthalocyanine used. It is
still unclear to what extent templating affects the three main OSC processes — absorption,
exciton dissociation and charge transport. Reports in literature have focused on
understanding how templating layers affect absorption and exciton dynamics but there
have been no works that examine the effect of templating on the hole transport in
phthalocyanines. In order to fully understand the impact of varying molecular orientation
on OSC performance, it is important to understand how hole transport is affected in

addition to absorption and exciton diffusion.

In this study, we analyze the factors influencing the performance enhancement of
PTCDA and Cul templated ZnPc, Cl1AIPc and SubPc planar heterojunction (PHJ) OSCs
by comparing the PV parameters, external quantum efficiency (EQE) and UV/vis
absorption. In addition, we focus on understanding how hole transport is affected upon
templating by measuring the space charge limited conductivity (SCLC) hole mobilities of
templated and control phthalocyanines. Both PTCDA and Cul are used in this study
because they are the main templating layers studied in literature. We conduct a systematic
study of the interaction of each phthalocyanine with the two templating layers in order to

elucidate the differences between them and how they affect OSC performance.

7.2 Experimental Methods

The general fabrication procedure for all OSCs is outlined in Section 4.1. PHJ
OSCs were fabricated with the device structure: ITO/MoOs (7 nm)/PTCDA or Cul (2 nm
or 0 nm)/Phthalocyanine donor/C60 (35 nm)/BCP (8 nm)/Al (100 nm). 15 nm of ZnPc,
15 nm of CIAIPc or 7 nm of SubPc were used as donor materials in the PHJ OSCs. 2 nm
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PTCDA or 2 nm Cul was used as a templating layer to modify the molecular orientation
of the phthalocyanine donor materials. Control devices had no templating layer and the
anode was simply composed of ITO/MoQOs. C60 was used as the acceptor in both PHJ
OSCs. BCP was used as the exciton blocking layer and Al was used as the cathode.

Unipolar hole-only devices were fabricated with the structure: ITO/MoO; (7
nm)/phthalocyanine (100 nm)/MoO; (25 nm)/Al (100 nm). Templated unipolar devices
were fabricated by depositing 2 nm of PTCDA or Cul before the phthalocyanine. In
addition, unipolar devices with PTCDA or Cul deposited on top of the phthalocyanine
close to the MoOs/Al interface were also fabricated. These devices were used to rule out
possible contributions of interface modification to the measured hole-mobility. Hole
mobility was calculated by using space charge limited current (SCLC) equations as given

in [31].
The PV parameters, external quantum efficiency (EQE) spectra, UV/Visible

absorption spectra and atomic force microscopy images were obtained as described in

Section 4.2

7.3 Results and Discussion

7.3.1 Effect of Templating on Photovoltaic Properties

Table 5 shows the PV parameters of control and templated ZnPc, CIAIPc and
SubPc PHJ OSCs.
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Table 5: PV Parameters of control and PTCDA templated ZnPc, CIAIPc and SubPc PHJ

OSCs
Donor Templating | Js Ve FF Efficiency | Shunt Series
Material | Layer (mA/cm?) | (mV) (%) (%) Resistance Resistance
(kOhm.cm?®) | (Ohm.cm?)
Control 3.19 438.44 | 47.64 0.67 3.32 20.60
ZnPc PTCDA 4.10 512.76 | 52.77 1.11 5.42 14.14
Cul 3.93 487.68 | 49.93 0.96 4.39 17.17
Control 3.22 699.43 | 35.28 0.79 2.60 62.61
ClAlPc PTCDA 433 692.99 | 52.23 1.57 3.25 2342
Cul 4.29 392.19 | 52.84 0.89 2.35 8.73
SubPe Control 3.82 1036.84 | 61.59 2.44 6.92 14.18
PTCDA 3.55 1062.19 | 58.74 221 7.78 18.54

When templated with PTCDA, the Jg., V. and FF of the ZnPc PHJ OSC increase
by 28.5%, 17.0% and 10.8% respectively. As a result, the efficiency increases by 65.7%.
Templating with Cul results in lower performance gains than templating with PTCDA.
Cul-templated ZnPc PHJ OSCs show a 23.2% increase in J, 11.2% increase in V, and

4.8% increase in FF leading to a 43.3% increase in efficiency.

Interestingly, compared to templated ZnPc OSCs, templating the CIAIPc OSCs
with PTCDA provides much larger gains in Ji and FF. The Ji and FF of PTCDA
templated ClAIPc OSCs increase by 34.5% and 48.0% respectively leading to an
efficiency increase of 98.7%. Unlike PTCDA templated ZnPc OSCs, the V. of PTCDA
templated CIAIPc OSCs drops slightly from 699.43 mV to 692.99 mV. Cul templated
CIAIPc OSCs show similar gains in Ji. (+33.2%) and FF (+49.8%) compared to the
PTCDA templated OSCs. However, the V. of Cul templated CIAIPc OSCs decreases by

43.9% leading to much smaller gains in overall power conversion efficiency (+12.7%).

Finally, in contrast to the both ZnPc and CIAIPc OSCs, PTCDA templated SubPc
OSCs have lower Ji. (-7.1%) and FF (-4.6%), which leads to a reduced PCE (-9.4%)).
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7.3.2 Effect of Templating on EQE and Absorption

In order to understand the changes in the PV properties due to templating, the
external quantum efficiency (EQE) and UV/visible absorption of the OSCs were
measured. Figure 25 shows the EQE spectra and Figure 26 shows the UV/Vis absorption
spectra of templated and control PHJ OSCs.
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Figure 25: EQE spectra of control and PTCDA templated ZnPc, CIAIPc and SubPc PHJ
OSCs

As shown in Figure 25, PTCDA and Cul templated ZnPc OSCs demonstrate a
substantial increase in EQE in the wavelengths corresponding to ZnPc absorption (A =
550 nm to 950 nm). In this wavelength range, the EQE of PTCDA templated OSCs
increases by 57.5% on average and Cul templated OSCs increases by 49.7% on average.
In addition, PTCDA templating also leads to a small decrease in the EQE in the Ceo
absorption band (A = 400 nm — 550 nm), but this is not seen in the Cul templated OSCs.
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In this wavelength range, the EQE of the PTCDA templated devices is 5.7% lower than
controls on average. Over the entire wavelength range of 400 nm — 950 nm, PTCDA
templating results in a 40.6% EQE increase and Cul templating results in a 37.3% EQE
increase. The differences in EQE agree well with the differences in Js. observed in

PTCDA and Cul templated ZnPc OSCs.

Figure 26 shows the UV/Vis absorption spectrum of templated and control ZnPc
OSCs. PTCDA templated ZnPc OSCs show a 8.3% average increase in absorption in the
ZnPc band from 550 nm — 800 nm and a 6.7% average increase in absorption in the in the
C60 band from 400 nm — 500 nm. In comparison, Cul templated ZnPc OSCs show only a
5.3% average increase in absorption in the ZnPc band and only a 0.2% average increase
in absorption in the Cgp absorption band. First, based on the average increase in
absorption in the ZnPc band, PTCDA seems to be more effective at increasing the
absorption cross section of ZnPc than Cul, indicating that PTCDA is a better templating
layer for ZnPc. Secondly, the ZnPc absorption enhancements in both PTCDA and Cul
templated devices are much lower than the observed EQE enhancements suggesting that
increases in absorption only explain part of the increases in EQE. Therefore, exciton
dissociation or charge transport must be improved in templated ZnPc OSCs to account
for the remaining EQE enhancement. Finally, the EQE decreases whereas the UV/Vis
absorption increases in the Cgo absorption band for PTCDA templated ZnPc OSCs. The
increase in UV/Vis absorption in this band for PTCDA templated devices could be due to
the presence of PTCDA, which demonstrates strong absorption from 400 nm — 600 nm,
or also due to a change in the morphology of Cq itself. Modified interference patterns
within the OSC arising from the different optical constants of templated ZnPc could also
lead to changes in absorption over this wavelength [8]. The decrease in EQE for this band
could be due to reduced exciton dissociation or charge transport from templating. The

effect of templating on charge transport is investigated in the next section.
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Figure 26: UV/vis absorption spectra of templated and control ZnPc and CIAIPc PHJ
OSCs

In contrast to ZnPc OSCs, templated CIAIPc PHJ OSCs show broadband EQE
enhancement over all wavelengths compared to controls, as seen in Figure 25b. The
magnitude of EQE enhancement is approximately the same, around 58%, for both Cul
and PTCDA templated OSCs over the wavelength range of 400 nm to 950 nm. The EQE
enhancements agree well with the observed Ji. enhancements for PTCDA and Cul
templated C1AIPc OSCs. Compared to control devices, there is also a red shift of 40 nm

in the EQE wavelengths corresponding to CIAIPc absorption (A = 600 nm — 850 nm) in
the templated devices.

As seen in Figure 26, PTCDA-templated CIAIPc OSCs show an increase in
absorption intensity and significant redshift upon templating in the wavelength range

from 600 nm to beyond 900 nm compared to controls. The control CIAIPc absorption
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peak is at 740 nm whereas the PTCDA-templated CIAIPc absorption peak is at 780 nm.
The absorption intensity of PTCDA templated C1AIPc at 780 nm is 39.7% higher than the
absorption intensity of control CI1AIPc at 740 nm.

The presence of the red shift in the absorption spectrum suggests the evolution of
a new lower bandgap phase of ClAIPc in the PTCDA templated OSCs. The small drop in
V,. in templated devices can be explained by the presence of a new lower bandgap phase
of ClAIPc, which would necessarily have a smaller HOMOgonor-LUMOjcceptor €nergy level

offset, leading to lower V.

The increase in absorption suggests that the molecules are oriented face-on on the
substrate leading to a larger absorption cross-section. Similar to PTCDA templated ZnPc
OSCs, there is a small 4.1% increase in absorption from A = 400 nm — 550 nm. This
increase in absorption could be due to absorption from PTCDA or due to changes in Ceo
morphology. Modified interference patterns within the OSC arising from the different
optical constants of templated ClAIPc could also lead to changes in absorption in this

wavelength range.

Cul-templated C1AIPc OSCs only show a 40nm red shift in the CIAIPc absorption
region without any increase in absorption intensity. This suggests that Cul templating of
CIAIPc results in the evolution of the new lower bandgap phase of CIAlIPc but not
necessarily in reorientation of the molecules towards the face-on orientation. Finally, Cul
templated CIAIPc OSCs show a 12.8% increase in Cep absorption from 400 nm — 550 nm.
This increase in absorption could be due to modified interference patterns within the OSC
due to different optical constants of templated ClAIPc or due to changes in the Ce

morphology itself.

The increase in intensity of CIAIPc absorption when templated with PTCDA
could completely account for the increase in EQE seen in the CIAIPc absorption bands.
However, it does not explain why the PTCDA templated CIAIPc OSCs show broadband
EQE enhancement over the Cgy absorption bands, where there is relatively little

absorption enhancement. Secondly, despite the lack of absorption enhancement in Cul-
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templated CIAIPc OSCs in the CIAIPc absorption band, the EQE increase is comparable
to that of PTCDA-templated OSCs. This suggests that the charge transport or exciton
dissociation is enhanced by the presence of the new phase of CIAlIPc and is the main
driver for the improvements in Ji observed. The impact of templating on hole transport

in CIAIPc is investigated in the next section.

Finally, PTCDA templated SubPc PHJ OSCs show a 6.8% decrease in EQE in the
wavelength corresponding to Cgp absorption (A = 400 — 500 nm) on average and almost
no change in the wavelengths corresponding to SubPc absorption (A = 550 nm — 750 nm).

This is reflected in the lower Ji. of the PTCDA templated SubPc devices.

PTCDA templated SubPc OSCs show a small increase in absorption from A = 400
nm to 700 nm which suggests that PTCDA templating increases the absorption cross
section of SubPc. Since the absorption of SubPc overlaps with that of Ce, it’s difficult to
distinguish whether Cgy absorption is affected as well. However, despite the increase in
absorption, the overall EQE of the templated SubPc OSCs decreases over this wavelength
range, suggesting that charge transport or exciton dissociation is affected. The impact of

templating on hole transport in SubPc is investigated in the next section.

7.3.3. Effect of Templating on Hole Transport

In order to investigate the effect of templating on hole transport, unipolar hole-
only devices were fabricated with ZnPc, CIAIPc and SubPc. To isolate the effect of
molecular orientation on hole-mobility, PTCDA or Cul was deposited at the anode
interface before the phthalocyanine in one set of devices and also on top of the
phthalocyanine in another set of devices. When phthalocyanine is deposited on top of
PTCDA or Cul, the molecular orientation of the phthalocyanine is affected due to
epitaxial growth. These devices are labeled as PTCDA-Pc or Cul-Pc in Figure 27, Figure
28, Figure 29 and Figure 30. However, when PTCDA or Cul are deposited on top of the
phthalocyanine, a change in the molecular orientation of the phthalocyanine should not

be expected. These devices are labeled as Pc-PTCDA or Pc-Cul in Figure 27, Figure 28,
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Figure 29 and Figure 30. The UV/visible absorption spectra of the unipolar devices are
shown in Figure 27. It shows the absorption enhancement of the Pcs when they are
deposited on top of the templating material and also proves that when the templating
layers are deposited on top of phthalocyanine, there is no enhancement in absorption

associated with a flat lying molecular orientation.
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Figure 27: UV/visible absorption spectrum of neat ZnPc and CIAIPc films with PTCDA
deposited before and after the phthalocyanines

The hole-mobility was extracted by fitting to space charge limited current
equations as given in [31]. The dielectric constant of the organic layers was assumed to
be approximately 3 and the trapping factor 6 was assumed to be 1 for all devices in order
to facilitate easier comparisons. The current density is linearly proportional to both the
dielectric constant and trapping factor and keeping them constant for all hole-only

devices will allow for the fitting current density to be dictated by the zero-field mobility
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and field activation parameter. The extracted zero-field mobilities and field-activation

parameters are given in Table 6. SubPc hole-only devices demonstrated very poor

conductivity and hence were not fit to the SCLC equations.

Table 6: Zero-field mobilities and field activation parameters of templated and
untemplated ZnPc and CIAIPc hole only devices

Zero-field Mobility

Field-activation

Donor Material Templating Layer 5 parameter
(cm®/Vs) "
(cm/V)

Control 1.51E-5 5.67E-4

PTCDA-ZnPc 6.34E-6 1.35E-3

ZnPc ZnPc-PTCDA 1.19E-5 4.98E-4

Cul-ZnPc 5.84E-6 1.50E-3

ZnPc-Cul 2.04E-5 6.56E-5

Control 1.34E-8 5.49E-3

PTCDA-CIAIPc 5.07E-8 5.03E-3

CIAlPc CIAIPc-PTCDA 8.24E-9 6.07E-3

Cul-CIAlPc 4.67E-7 2.53E-3

CIAIPc-Cul 8.01E-8 4.14E-3

The J-V curve (solid lines) of ZnPc hole-only devices and the corresponding

SCLC fits (dotted lines) are shown in Figure 28.
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Figure 28: J-V curves (solid lines) and SCLC fits (dotted lines) of ZnPc hole-only devices

Surprisingly, the zero-field hole-mobility of PTCDA and Cul templated ZnPc
decreases significantly compared to control ZnPc indicating that the flat-lying molecular
orientation degrades hole transport. This is contrary to expectations since a flat-lying
molecular orientation on the substrate should improve hole transport in the vertical
direction because the n- m stacking direction is along the direction of charge transport.
The field activation parameter of the templated ZnPc is higher than controls. The field-
activation parameter reflects the dependence of the J-V curve on the electric field. A
higher field-activation parameter suggests a greater degree of disorder within the organic
films. Since the templated ZnPc devices show a higher field activation parameter, it
suggests that there is more disorder in the templated ZnPc. Greater disorder points
towards decreased overlap of the ® molecular orbitals which in turn, could lead to lower

hole mobility.

An examination of samples in which PTCDA is deposited on top of ZnPc reveals
that the zero-field hole-mobility degrades as well but not as severely as when the ZnPc is
templated. This suggests that the presence of the PTCDA at the interface degrades hole
transport aside from the effect of the flat-lying molecular orientation. When Cul is

deposited on top of ZnPc, the hole mobility is unaffected indicating that Cul does not
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interfere with hole injection. Therefore, improvements in hole transport can be ruled out

as the cause for the enhanced J. and FF seen in templated ZnPc PHJ OSCs.

The analysis presented in the previous section showed that enhancement in
absorption only accounts for a portion of the observed Js. increase in templated ZnPc
OSCs. The only remaining factor that can explain the observed Ji. and FF increase is
improvement in exciton dissociation within the device. Previous studies have reported
that the efficiency of charge transfer between donor molecules and Cgp acceptor
molecules is enhanced when the donor molecules are face-on with respect to Cep. Another
factor that can increase exciton dissociation efficiency is a larger contact area between
donor molecules and Cgp, which provides more exciton dissociation sites. A larger
contact area can arise due to increased surface roughness of ZnPc caused by templating.
The surface roughness of ZnPc is investigated in the next section using atomic force

microscopy.

The J-V curve (solid lines) and the corresponding SCLC fits (dotted lines) of the

ClAIPc hole-only devices are shown in Figure 29.
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Figure 29: J-V curve (solid lines) and SCLC fits (dotted lines) of the CI1AIPc hole-only
devices
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In contrast to ZnPc, PTCDA and Cul templated ClAIPc devices show a large
improvement in hole conductivity. Cul-templated CIAIPc shows a greater increase in
hole mobility than PTCDA-templated ClAlIPc. This could be because Cul helps hole
injection/extraction in the device as seen by the improvement in hole mobility when Cul
is deposited on top of ClAlIPc. Cul-templated CIAIPc OSCs have much lower series
resistance than PTCDA-templated CIAIPc OSCs reflecting the trends seen in the hole-
only devices. When PTCDA is deposited on top of ClAlPc, there is no change in hole
conductivity indicating that the presence of PTCDA at the ClAIPc interface does not

affect hole injection/extraction.

The increase in hole mobility upon templating could be due to decreased n-m
stacking distance of the flat-lying CIAIPc molecules. The redshift in the UV/Vis
absorption spectrum of templated CIAIPc molecules also support the conclusion that the
n-n stacking distance of the CIAIPc molecules is decreased. Furthermore, the field-
activation parameter of both PTCDA and Cul templated OSCs decreases upon templating
suggesting a greater degree of order in the film. It is interesting to note that the Cul
templated CIAIPc has a much lower field activation parameter than PTCDA templated
ClAlPc, which suggests that the Cul-templated ClAlPc films are more ordered. This
could also contribute to the higher hole mobility of Cul-templated CI1AIPc films.

The large increase in hole-mobility upon templating explains the significant
decrease in series resistance and corresponding increase in FF seen in templated PHJ
OSCs. The increase in FF of templated CIAIPc PHJ OSC is the major factor contributing

to their enhanced efficiency.

The analysis presented in the previous section showed that improved charge
transport or exciton dissociation must be considered in order to explain the broadband
EQE enhancement seen in templated CIAIPc OSCs. The hole-mobility data convincingly
shows that improved hole mobility in templated CIAIPc is one of the mains reasons for
the broadband enhancement in EQE observed. Also, Cul-templated OSCs show EQE
comparable to PTCDA-templated OSCs despite having less absorption intensity in the
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CIAIPc bands. This could be because Cul-templated CIAIPC OSCs show higher hole
mobility than PTCDA-tempalted OSCs.

In addition to improving hole mobility, templating ClAIPc could also affect its
surface roughness and associated ClAIPc/Cq interfacial contact area. The surface

roughness of CIAIPc is investigated in the next section using atomic force microscopy.

Figure 30 shows the I-V curve of SubPc hole-only devices. The conductivity of
the devices was extremely poor and therefore, was unable to be modeled by the SCLC
equations. Comparing the conductivities in the I-V curves, PTCDA-templated SubPc
appears to be more conductive than controls. However, when PTCDA is deposited on top
of SubPc, the conductivity is decreased suggesting that PTCDA hinders hole
injection/extraction in the device. Therefore, the improvement in hole-conductivity can
be attributed to the change in the molecular orientation of the SubPc molecules.
Regardless of the improvement in hole conductivity for templated-SubPc devices, the FF
decreases slightly. This could be due to degraded hole extraction when PTCDA is present
at the interface. The analysis in the previous section also showed that the reduction in the
Jsc was mainly due to a reduction in EQE in the Cgy absorption wavelengths. This could
indicate that excitons formed in Cgy are not dissociated as efficiently when SubPc is

templated with PTCDA.
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Figure 30: I-V curve of SubPc Hole Only Devices

7.3.4 Effect of Templating on Surface Morphology

In addition to changing the molecular orientation of the phthalocyanines,
templating layers also affect their surface roughness. Increased surface roughness results
in a larger contact area between Cg and phthalocyanine, which promotes increased
exciton dissociation. The surface morphology of the templated and control ZnPc and
CIAIPc films was analyzed using atomic force microscopy. 2 um x 2 um scans of the neat
ZnPc phthalocyanine films and 1 pm x 1 pm scans of the neat CIAIPc phthalocyanine
films are shown in Figure 31. The rms roughness values shown in the figure are analyzed

for a larger 5 um x 5 pm scan area in order to account for minor variations in topography.
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Figure 31: AFM scans of templated and untemplated ZnPc and ClAlPc

For ZnPc, templating with PTCDA increases its surface roughness by 9.7% and
templating with Cul increases its surface roughness by 23.4%. The analysis presented in
previous sections showed that hole transport does not play a role and improvements in
absorption only accounts for part of the Js. and FF enhancement seen in templated ZnPc
OSCs. The increase in templated ZnPc surface roughness shows that the ZnPc/Ceo
contact area increases and therefore improves exciton dissociation in the templated
devices. Even though the surface roughness of Cul-templated devices increases by a
larger amount than PTCDA-templated devices, the Ji,, improvement is higher for
PTCDA-templated devices. As seen in the previous section, the absorption enhancement
is higher for PTCDA-templated devices in the 400 nm — 950 nm wavelength range. This
suggests that PTCDA is more effective at re-orienting the ZnPc molecules to the face-on
orientation. As reported in literature, improved charge transfer efficiency arising from
face-on orientation of ZnPc relative to Cgo is also responsible for the J, and FF
enhancement observed in the templated OSCs [15]. Since PTCDA is more effective at re-
orienting ZnPc, it could also lead to higher charge transfer efficiency, which could
explain why PTCDA-templated devices show higher Ji. than Cul-templated devices.
Finally, the small increase in fill factor in the templated ZnPc OSCs can be attributed to
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decreased recombination in the device since shunt resistance increases by 63% and
possible enhancements in electron mobility since the series resistance decreases by 31%.
The increased shunt resistance decreases the magnitude of the dark current, which also

explains the small increase in V. seen in templated devices.

In ClAIPc OSCs, PTCDA templating increases its surface roughness by 42% and
Cul templating increases its surface roughness by 18%. In both cases, the rougher surface
increases the CIAIPc/Cqy contact area resulting in increased exciton dissociation.
PTCDA-templated CIAIPc is rougher than Cul-templated ClAlPc, which suggests that
exciton dissociation is enhanced more in PTCDA-templated CIAIPc OSCs than Cul-
templated CIAIPc OSCs. However, PTCDA-templated ClAlIPc also has lower hole-
mobility than Cul-templated CIAIPc. These factors could balance out to result in
approximately the same Ji that is observed in the OSCs. Finally, the V,. of Cul-
templated CIAIPc OSCs is significantly lower than controls and PTCDA-templated
ClAlIPc OSCs. The reasons for this decrease could be due to charge accumulation at the
ITO/Cul/ClAlPc interface resulting in increased recombination. This is supported by the

fact that Cul-templated Cl1AIPc devices have lower shunt resistance than controls.

7.4 Conclusions

Molecular templating is a promising approach to increase the performance of
PHJ OSCs. The magnitude of performance increase from templating depends on the
properties of the donor material and the templating layer. Templating layers affect OSCs
fabricated with different phthalocyanines in different ways. In ZnPc PHJ OSCs, the
efficiency enhancement due to templating is primarily due to improvements in exciton
dissociation efficiency. Our study indicates that exciton dissociation efficiency is
improved due to increased ZnPc/Cg interfacial contact area. Other studies have shown
that flat-lying ZnPc has better charge transfer efficiency compared to edge-on ZnPc.
Contrary to expectations, templated ZnPc shows lower hole mobility than control ZnPc
suggesting that flat-lying molecular orientation is not beneficial for charge transport in

ZnPc PHJ OSCs. In ClAIPc PHJ OSCs, the efficiency enhancement is due to
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improvements in both exciton dissociation and charge transport. The exciton dissociation
is improved due to increased interfacial contact area. Charge transport is improved due to
a lower - & distance between templated CIAIPc molecules. Finally, in SubPc PHJ OSCs,
templating improves hole transport but lowers the overall performance of the OSCs due
to reduced exciton dissociation, mainly of the excitons formed in Cgp. The cause for the

reduced exciton dissociation is unclear.

PTCDA-templated and Cul-templated OSCs show different behavior for the same
phthalocyanine material. For ZnPc, PTCDA is a more effective templating layer. It
reorients ZnPc molecules to a larger degree compared to Cul leading to better absorption
and exciton dissociation. Despite Cul-templated ZnPc having a higher surface roughness
than PTCDA-templated ZnPc, Cul-templated OSCs do not result have higher
performance than PTCDA-templated OSCs. For CIAIPc, Cul templating improves hole
conductivity to a greater extent than PTCDA templating. As a result, the series resistance
of Cul-templated OSCs is much lower than PTCDA-templated OSCs. However, the
ITO/Cul/ClAlPc interface shows higher recombination of excitons and charge carriers
resulting in lower V. and shunt resistance, ultimately limiting the performance of Cul-
templated CIAIPc OSCs. PTCDA-templated CIAIPc is much rougher than Cul-templated
CIAIPc, which results in better exciton dissociation in PTCDA-templated OSCs. The
improved charge transport in Cul-templated CIAIPc OSCs balances out the improved
exciton dissociation in PTCDA-templated CIAIPc OSCs leading to similar Ji. and FF.
Finally, SubPc is only templated PTCDA and is unaffected by Cul. Our results show that
the interaction between phthalocyanines and templating layers are unique to each
combination and molecular templating warrants further study to realize its full potential

as an avenue for OSC performance enhancement.
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Chapter 8 — Influence of the Donor Material on the
Degradation Behavior of C60-Based Planar Heterojunction

Organic Solar Cells

Chapter Summary

The limited lifetime of small-molecule organic solar cells (OSCs) is a major
barrier that stands in the way of their commercialization. Photo-oxidation of C60 is one
of the main mechanisms that is responsible for the lower lifetimes small-molecule OSCs.
However, there are no studies in literature that examines how the donor material affects
the extent of C60 photo-oxidation in planar heterojunction (PHJ) OSCs. In this study, we
first investigate the degradation of Schottky-type C60-only OSCs and then compare the
degradation behavior of PHJ OSCs made with ZnPc, ClInPc and SubPc donors. We also
study the influence of molecular orientation of ZnPc and ClInPc on the degradation
behavior of PHJ OSCs by using PTCDA or Cul templating layers to template the
phthalocyanines. This chapter addresses the fifth and final objective of this research

work.

Photo-oxidation of C60 results in the formation of lower bandgap impurities that
act as trap states leading to increased recombination. In C60 Schottky OSCs, this results
in a drop in photocurrent generation from the C60 aggregates. Surprisingly, the
degradation behavior of all three PHJ OSCs is dominated by C60 photo-oxidation but to
different extents depending on the phthalocyanine used. Our results suggest that the
extent of C60 photo-oxidation is primarily influenced by the surface roughness of the
C60 layer, which in-turn is dictated by the morphology of the donor material. The
molecular orientation of the phthalocyanine donors has only a minor impact on the aging

behavior of PHJ OSCs.
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8.1 Introduction

One of the main barriers towards the commercialization of small molecule OSCs
is their limited lifetime [1-6]. The following device structure is most often used in
literature to study the performance and lifetime of small molecule OSCs: ITO/Anode
buffer layer/Active layer/Cathode buffer layer/Cathode metal. Anode buffer layers (such
as MoQOs and other transition metal oxides) aid in extraction of holes whereas the cathode
buffer layers (such as BCP, Algs, BCP:C60) aid in the extraction of electrons, reduce
exciton quenching at the cathode and protect the active layers from damage during
cathode deposition [7-11]. The active layer of these OSCs is composed of either a planar
heterojunction or a bulk heterojunction. In a planar heterojunction (PHJ) OSC, neat films
of donor and acceptor materials are deposited on top of each other. In a bulk
heterojunction (BHJ) OSC, the donor and acceptor materials are molecularly mixed in a

single layer.

The performance of both PHJ and BHJ OSCs degrades under illumination in
atmospheric as well as inert conditions. The mechanisms responsible for the loss in
performance can be grouped into two categories — 1) degradation of the electrodes and
interfacial layers and ii) degradation of the donor and acceptor materials in the active
layer [3,9]. Extensive studies in literature have shown that the use of anode and cathode
buffer layers with good thermal stability and resistance to oxygen and moisture
penetration can increase the lifetime of small-molecule OSCs [3,7,9,11-15]. However,
only relatively small body of work has investigated the degradation of small molecule

donor and acceptor materials in the active layer.

While numerous donor materials have been reported in literature for use in the
active layer, most high-efficiency small molecule OSCs still use fullerenes, such as C60
and C70, as the acceptor material. One of the most common degradation mechanisms of
fullerenes is photo-oxidation in the presence of oxygen, which results in the formation of
recombination centers, which quench excitons and lower electron mobility in the material

[16-19]. Exposure to atmospheric conditions and the presence oxygen impurities in the
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interfacial layers and donor materials are some of the ways that the C60 layer can come
in contact with oxygen. Studies in literature have already shown using buffer layers with
lower oxygen and moisture penetration can increase lifetime significantly by reducing the
photo-oxidation of C60. However, there are no studies to date that examine the influence
of the donor material in affecting the photo-oxidation of C60 and the lifetime of the OSC.
Even though studies in literature use a wide variety of donor materials, different aging
conditions, device architectures and buffer layers of the OSCs make cross comparisons

difficult or invalid.

In this study, we conduct a systematic investigation into how the donor material
affects the photo-degradation of C60. First, we study the degradation of Schottky-type
C60-only OSCs in order to establish the degradation behavior of C60 without the
presence of any donor material. In these Schottky-OSCs, C60 serves as both the exciton
generation and charge transport material. They demonstrate relatively high V. and Jg
due to interfacial charge transfer and band bending at the MoO3/C60 interface [20, 21].
Then, we move on to studying the degradation of phthalocyanine/C60 PHJ OSCs using
ZnPc, ClInPc and SubPc as the donor materials. We chose these three phthalocyanines
due to their morphological differences. The surface roughness, crystallinity and
molecular orientation of the donor material is known to affect the morphology of C60
deposited on top [22-24]. SubPc is known to be an amorphous material that forms smooth
films with random molecular orientation. ZnPc and ClInPc are polycrystalline materials
with a higher surface roughness and crystallinity than SubPc. ZnPc molecules orient
themselves with their planes vertical to the substrate whereas ClInPc molecules have a
mean tilt angle of approximately 60° to 70° from the vertical [25-27]. The molecular
orientations of ZnPc and ClInPc can also be modified through the use of templating
layers such as PTCDA or Cul. By studying the degradation behavior of these PHJ OSCs,
insight into how the morphology of C60 affects its degradation behavior can be obtained.
In all cases, we use the same anode and cathode buffer layers to ensure that cross

comparisons between the devices is justifiable.
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8.2 Experimental Methods

The general fabrication procedure described in Section 4.1 was used to fabricate
the OSCs used in this study. PHJ OSCs were fabricated with the structure: ITO/MoOs (7
nm)/phthalocyanine donor/C60 (35 nm)/BCP (8 nm)/Al (100 nm). The following donor
thicknesses were used because it resulted in optimum PHJ OSC performance: ZnPc — 15
nm, ClInPc — 20 nm and SubPc 7 nm. C60 Schottky OSCs were fabricated with the same
structure but without the donor material. Templated PHJ OSCs were also fabricated by
depositing a templating layer before the phthalocyanine donor material. 2 nm of PTCDA
or 2 nm of Cul were used as the templating layer. Optimum performance with PTCDA
was obtained when it was deposited on top of 7 nm MoO3s whereas optimum performance
with Cul was obtained when it was deposited directly on ITO without MoOs. 8 nm of
BCP was used as an exciton-blocking layer. 100 nm of aluminum was deposited as the

cathode. For AFM samples, BCP and Al were not used.

The OSCs were aged under a halogen lamp at 120 mW/cm” light intensity. An
inert atmosphere was maintained during aging by constantly flowing nitrogen through the
enclosure containing the OSCs. The temperature of the OSCs during aging was measured
to be approximately 30°C using a thermocouple taped to the backside of the glass
substrate. External quantum efficiency (EQE) and UV/visible absorption spectra of the
OSCs were measured when the OSCs were fresh and at the conclusion of aging. PV
parameters were measured regularly and aging was halted once the efficiency of the

OSCs dropped below 80% of the initial value.

The PV parameters, EQE spectra, UV/Visible absorption spectra and atomic force

microscopy images were obtained following the procedures described in Section 4.2.
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8.3 Results and Discussion
8.3.1 Degradation of C60 Schottky OSCs
Figure 32 shows the normalized PV parameters of a C60 Schottky OSC and ZnPc,

ClInPc and SubPc PHJ OSCs as a function of aging time. The PV parameters at time 0
for these OSCs are shown in the appendix in Table AS.
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Figure 32: PV parameters of ZnPc, SubPc and ClInPc PHJ OSCs as a function of aging
time

During aging, the J. of the C60 Schottky OSC drops to 81% and the V. drops to
83% of their initial value. The fill factor shows a small increase of approximately 8%
from its initial value. As a result, the overall efficiency of the OSC drops to 72% of its

initial value.

In order to further investigate the loss in Jg, the external quantum efficiency
(EQE) of the OSC was measured before and after aging. The EQE spectrum is shown in
Figure 33. It can be see that the loss in EQE between the fresh and the aged samples

occurs mainly in the wavelength range of A = 420 — 530 nm. Neat films of C60 contain
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C60 aggregates (which absorb in the A = 400 nm — 550 nm wavelength range) and C60
monomers (which absorb in the A = 325 — 400 nm wavelength range) [28-30]. The
decrease in EQE is primarily in the C60 aggregate band, which suggests that the excitons

formed in the aggregates contribute less to the photocurrent upon aging.
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Figure 33: External quantum efficiency spectra of fresh and aged samples of C60 only
OSCs, ZnPc PHJ OSCs, ClInPc PHJ OSCs and SubPc PHJ OSCs.

The UV/Vis absorption spectrum of the C60 Schottky OSC was also measured
before and after aging in order to determine whether the decrease in the EQE in the C60
aggregate band corresponds to a decrease in absorption over the same wavelength range.
The absorption spectra are shown in Figure 34. The absorption bands of the aged C60
Schottky OSC are slightly broader than the fresh OSCs but there is no significant
difference in the absorption intensity of the aggregate band. This suggests that the aging
results in the formation of impurities in C60 with a lower band-gap but no differences in

extent of aggregation.
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Figure 34: a) Absorption of C60 only OSC before and after aging and b) Absorption of
ClInPc/C60 PHJ OSC before and after aging

In order to verify whether the aggregation of C60 is affected upon aging, atomic
force microscopy images of C60 Schottky films before and after aging were compared.
The initial rms surface roughness of the C60 Schottky OSC was 1.12 nm. Only a 5.2%
increase in rms surface roughness was observed in the aged samples (images in
supplemental information), which supports the hypothesis that the C60 aggregation in not
affected by aging.

Considering the EQE, UV/Vis and AFM data together, it can be concluded that
the reduction in Js. of the C60 Schottky OSCs upon aging is likely due to the formation of
lower band-gap impurities. Previous studies have shown that C60 reacts readily with
molecular oxygen to form C60=0O which is then subsequently broken down to smaller
fullerene molecules such as C58 [18]. C58 has been reported to have a bandgap of 1.2
eV, which is smaller than the C60 bandgap of 1.7 eV [31,32]. Due to the large difference
in bandgaps between C58 and C60, C58 acts as trap states in C60 that increases

recombination of excitons and therefore reduces the photocurrent of the OSC.

Furthermore, the V.. of the aged C60 Schottky OSCs is lower than that of the
fresh OSCs. Since in these devices, the V. is around 1.1V — 1.3V due to interfacial

charge transfer and the formation of a band-bending region at the MoO3s/C60 interface
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[32], it is possible that the charge transfer is reduced with the formation of C58 after

aging resulting in a lower V.

8.3.2 Degradation of Phthalocyanine/C60 PHJ OSCs

During the aging of PHJ OSCs, only the Jic and FF degrade whereas, in contrast to
the C60 Schottky OSCs, the V. stays constant. The extent of Ji and FF degradation
depends upon the donor material used in the OSC. ClInPc PHJ OSCs are the most stable
showing only a 11% loss in Jscand FF over 89 hours of aging. SubPc PHJ OSCs are the
least stable showing a 22% loss in Js. and 18% loss in FF within 24 hours of aging. ZnPc
PHJ OSCs show intermediate degradation losing 25% Js. and 12% FF over 52 hours of
aging. The reason for the variation in degradation behavior could be due to differences in
the degradation behavior of the phthalocyanines or the C60 deposited on top of the
phthalocyanines. Since the buffer layers are the same for all these devices, the
contribution of the buffer layer to the degradation is expected to be similar for all the

OSCs.

In order to further investigate the loss in J,. for the three OSCs, the EQE spectra
of the devices before and after aging were measured and shown in Figure 33. For all three
PHJ OSCs, the major degradation is in the C60 aggregate band in the wavelength range
of A =400 nm — 550 nm. The loss in the EQE in the phthalocyanine band is relatively
small compared to the loss in the C60 aggregate bands. This is a surprising finding
because it suggests the differences in lifetime for these OSCs are mainly due to the
differences in C60 degradation. The UV/Vis absorption of fresh and aged phthalocyanine
PHJ OSCs was measured in order to determine whether the EQE loss in the C60
aggregate band corresponds to changes in the absorption spectrum. The UV/Vis
absorption spectra of fresh and aged ClInPc PHJ OSCs are shown in Figure 34(b) .
Similar to the C60 Schottky OSC, the C60 aggregate absorption band is broader in the
aged PHJ OSCs. However, there is relatively little change in the absorption of the ClInPc.
Similar trends were observed for the ZnPc and SubPc OSCs (absorption data in

supplementary information). These observations suggest that the primary cause of Jg loss

108



in PHJ OSCs during aging is, once again, primarily due to the degradation of C60. The
loss in C60 aggregate band EQE can be attributed to the formation of lower bandgap
impurities such as C58, which act as trap states causing increased recombination and

lower Jg, similar to the C60 Schottky OSC.

The FF loss upon aging for the phthalocyanine/C60 OSCs follows the same trend
as the Ji loss for the three donor materials. SubPc PHJ OSCs show the highest FF loss
followed by ZnPc PHJ OSCs. ClinPc PHJ OSCs show the lowest FF loss. For all three
materials, the loss in FF is due to an increase in series resistance with very little to no
change in shunt resistance. Increasing series resistance suggests a decrease in charge
mobility in the OSC. From the EQE and UV/Vis data, it was determined that the majority
of the Js loss is due to C60 degradation. Therefore, it is reasonable to assume that the
increase in series resistance is due to decreased electron mobility in the aged C60 layers
[16].

Finally, the V. of all three PHJ OSCs shows no change upon aging. This suggests
that the HOMOgonor-LUMOgeeeptor €nergy level offset is unaffected at the donor/acceptor
interface. Previous reports have shown that exposure of PHJ OSCs to molecular oxygen
close to the donor/acceptor interface leads to a V. loss upon aging [33]. However, this
loss is not seen if molecular oxygen is introduced further away from the donor/acceptor
interface [33]. Therefore, the loss in Ji. and FF observed in the three PHJ OSCs in this
study can be attributed to degradation of C60 away from the donor/acceptor interface.
This is likely due to the penetration of moisture and oxygen from the Al electrode [3,12].
Furthermore, since the V. is not affected for any of the three PHJs in this study, it can be
concluded that the energetic difference between the donor/acceptor is not a factor in the

aging of the PHJ OSCs.

8.3.3 Influence of C60 Morphology on Degradation Behavior

In the previous section, it was established that only C60 degradation is
responsible for the differences in degradation behavior of phthalocyanine/C60 OSCs. In

addition, it was also established that the energetic differences at the donor/acceptor
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interface could be ruled out as one of the contributors to the differences in degradation
behavior. Therefore, there can only be one other major factor that can explain these
interesting observations - the different morphology of C60 on the three phthalocyanines.
There are two factors that affect the morphology of C60 when it is deposited on top of a
phthalocyanine donor material — i) the crystallinity and surface roughness of the

phthalocyanine and ii) the molecular orientation of the phthalocyanine.

In order to determine how the morphology of C60 changes when deposited on top
of different phthalocyanines, AFM images of C60 deposited on top of ClInPc and SubPc
were obtained. The scan area of the AFM images was 5 um x 5 um. ClInPc and SubPc
were chosen because they represent the extreme ends of the degradation in the devices
studied. ClInPc OSCs are the most stable whereas SubPc OSCs are the least stable. The
AFM images are shown in Figure 35. Visually, the C60 layer on top of ClInPc is much
rougher than the C60 layer on top of SubPc. RMS roughness analysis shows that
ClInPc/C60 has a roughness of 2.81 nm whereas SubPc/C60 has a roughness of 1.23 nm.
The higher surface roughness of ClInPc/C60 indicates that the C60 is more crystalline
when deposited on top of ClinPc than when deposited on SubPc. SubPc, which has
amorphous morphology, forms smooth films with low surface roughness [34]. When C60
is deposited on SubPc, the resulting C60 film is also smooth. The surface roughness of
C60 Schottky OSCs is similar to the surface roughness of SubPc/C60. ClInPc and ZnPc,
meanwhile, are polycrystalline and form granulated films with a high surface roughness.
As a result, C60 deposited on top of ClinPc has a higher surface roughness and larger

grain size than SubPc films.
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Figure 35: AFM Images of C60 on top of ClInPc and SubPc

The large differences in surface roughness and crystallinity of C60 when
deposited on top of different phthalocyanines could be a major factor in influencing the
aging behavior of the phthalocyanine/C60 PHJ OSCs. Greater aggregation and
crystallinity of C60, such as when deposited on ClInPc, could lead to lower degradation
compared to smoother films, such as when deposited on SubPc. Furthermore, C60
Schottky OSCs and SubPc/C60 PHJ OSCs show similar degradation behavior such as
rapid degradation of Ji within the first 24 hours aging. They also have similar surface
roughness of around 1.2 nm rms. This suggests that their degradation behavior could be

similar due to the smoothness of their C60 in both cases.

In addition to the crystallinity and surface roughness, changes in molecular
orientation of ClInPc and ZnPc could also affect the morphology of the C60 on top.
When deposited on weakly interacting materials such as ITO or MoO;, ClinPc has a
mean tilt angle of ~60-70° and ZnPc has a mean tilt angle of 0°. When ClInPc or ZnPc
are deposited on PTCDA or Cul templating layers, their mean tilt angle increases to near
90° so that the majority of the molecules lie parallel to the substrate. The resulting change
in the molecular orientation can affect the packing of C60 molecules deposited on top of

the phthalocyanine.
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In order to determine whether the molecular orientation of the phthalocyanine
may play a significant role in affecting the degradation behavior of PHJ OSCs, we
fabricated and aged PTCDA and Cul templated ZnPc and ClinPc PHJ OSCs under
similar conditions to non-templated control samples. SubPc OSCs were not included in
this experiment because SubPc does not demonstrate significant change in molecular
orientation when deposited on PTCDA or Cul. The normalized PV parameters of
templated ZnPc PHJ OSCs as a function of aging time is shown in Figure 36. The PV

parameters of these OSCs at time-zero are given in the appendix in Table A9.
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Figure 36: PV parameters of templated and non-templated ZnPc PHJ OSCs as a function
of aging time

For ZnPc PHJ OSCs, the Ji. degradation of PTCDA and Cul templated and non-
templated OSCs is similar. However, the FF of Cul templated ZnPc PHJ OSCs degrades
much faster than non-templated or PTCDA templated PHJ OSCs. The degradation of
efficiency is similar for PTCDA-templated and non-templated ZnPc PHJ OSCs but due to
the rapid FF deterioration, Cul templated ZnPc PHJ OSCs are the less stable. The V. of

templated and non-templated OSCs show no change upon aging.
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The normalized PV parameters of ClInPc PHJ OSCs as a function of aging time
are shown in Figure 37. The time-zero PV performance of these OSCs are shown in the

appendix in Table A10.
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Figure 37: PV parameters of templated and non-templated ClinPc PHJ OSCs as a
function of aging time

For CllnPc PHJ OSCs, PTCDA templated OSCs show greater Jg stability but
larger V.. degradation than non-templated OSCs. Due to the increased V,. degradation,
the efficiency of PTCDA templated ClinPc PHJ OSCs degrades faster than non-
templated OSCs. Cul-templated ClInPc PHJ OSCs show rapid degradation of all PV

parameters within a short time indicating that the Cul/ClInPc interface is unstable.

In order to further examine the differences in Ji. degradation between the
templated and non-templated OSCs, the external quantum efficiency spectra of the fresh
and aged OSCs with and without templating layers were measured. For templated and
non-templated ZnPc and ClInPc OSCs, the majority of the degradation still occurs in the
C60 aggregate band as observed in the previous cases. The only exception is the

Cul/ClInPc device where the EQE degrades over the entire spectrum, suggesting the
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phenomenon arises from the instability of the Cul/ClinPc interface. The percent
difference between the EQE of fresh and aged samples was calculated at the maximum
absorption wavelength of the C60 aggregates (440 nm), ClInPc (740 nm) and ZnPc (630
nm). The percent differences are shown in Table 7. The full EQE spectra are available in

the supplemental information.

For CllnPc PHJ OSCs, PTCDA templating reduces the EQE degradation for both
C60 and ClInPc by a small margin. PTCDA/CIInPc/C60 layers are also 12% rougher than
non-templated ClInPc/C60 layers, which again suggests that there is a correlation
between an increase in roughness of C60 and higher OSC stability. Interestingly, for
ZnPc PHJ OSCs, templating with PTCDA and Cul increases the degradation of the C60
EQE but reduces the degradation of the ZnPc EQE. Templating could affect the aging
behavior by altering the penetration and reaction rates of oxygen from the cathode

through the C60 layers due to small differences in the C60 morphology.

For both materials, the differences in EQE upon aging due to templating are small
compared to the differences in aging behavior between the phthalocyanine materials. One
of the reasons for this could be the fact that there is only a small difference in surface
roughness between templated and non-templated phthalocyanine/C60 layers. For ClInPc,
the surface roughness only increases by 12% when templated with PTCDA. Whereas
non-templated ClInPc/C60 layers are 56% rougher than SubPc/C60 layers.

Table 7: EQE percent differences between fresh and aged samples for templated and
control ClInPc and ZnPc PHJ OSCs

Donor Peak Control PTCDA templated | Cul templated

Material Wavelength (MoOs/Pc¢) (MoOs/PTCDA/Pc) | (Cul/Pc)
C60 (440 nm) -22.3 -18.4 -60.4

ClInPc
ClInPc (740 nm) | -4.9 -2.6 -49.5
C60 (440 nm) -49.4 -52.9 -59.3
ZnPc

ZnPc (630 nm) | -20.4 -14.9 -13.1
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8.4 Conclusions

One of the leading causes of degradation of small molecule OSCs is the formation
of trap states in C60 due to photo-oxidation in the presence of oxygen. In a PHJ OSC,
we’ve found that the extent of C60 degradation due to photo-oxidation is dictated by the
C60 morphology, which in turn is influenced by the donor material used. The surface
roughness, crystallinity and molecular orientation of the donor material are mimicked by
the C60 when deposited on top. Our results suggest a correlation between C60 roughness
and degradation — rougher films are less prone to degradation than smoother films. In the
rough C60 case, the adhesion of the C60 to the cathode could be higher, which in turn
allows for lower oxygen penetration. Recent high efficiency device architectures for
small molecule OSCs are composed of more than 90% fullerene and it is not possible to
directly control the morphology to minimize the effects of degradation. Therefore, the
development of buffer layers with high resistance to oxygen penetration is crucial to

prevent the degradation of C60 and extend the lifetime of small-molecule OSCs.
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Chapter 9 — Conclusions and Future Work

The first objective of this research work was to examine the role of the donor-
acceptor mixing ratio in influencing the morphology and performance of bulk
heterojunction organic solar cells. The findings established in Chapter 5 have shown that
the high short circuit current (Js) seen in BHJ OSCs with low donor concentrations, so-
called Schottky-junction OSCs, arise primarily from photocurrent contributions from
charge-transfer intermolecular states in Cg aggregates. These aggregates absorb light at
400-600nm and are thus well matched to the solar spectrum. The presence of the donor
molecules is shown to be necessary for the dissociation of the Cq aggregate excitons,
which ultimately allows for enhanced photocurrents. Increasing the donor concentration
beyond a certain threshold hinders Cq aggregate formation and thus removes its
contribution to photocurrent completely. The second objective of this research work was
to examine the role of the donor-acceptor mixing ratio and associated morphological
changes in all organic solar cell device architectures. Building on the insights in Chapter
5, the findings of Chapter 6 show that the BHJ/acceptor architecture, comprising a BHJ
layer with high Cey content followed by a neat Cq layer, generates OSCs with the highest
performance by balancing charge generation with charge collection. The performance of
other device architectures, such as the planar mixed heterojunction (PMHJ), planar
heterojunction (PHJ), bulk heterojunction (BHJ) and donor/BHJ, is largely limited by
hole transport, with associated hole accumulation and space charge effects. Together, the
results presented in Chapter 5 and 6 have thoroughly examined the role of the donor-
acceptor mixing ratio in phthalocyanine/Cey OSCs and how the associated morphological
changes affect device performance, answering a hitherto unexamined question in
literature. In general, the significance of these results is in highlighting the importance of
fullerene aggregation in influencing the performance of small-molecule OSCs. Future
work should examine whether favorable fullerene aggregation can be increased using

external treatments such as substrate heating during deposition and solvent annealing and
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also whether new donor molecules can be identified that promote fullerene aggregation

while retaining excellent exciton dissociation and hole transport properties.

The molecular orientation of organic semiconductors in an OSC affects all
fundamental OSC processes — absorption, exciton dissociation and charge transport. The
effect of molecular orientation on the device physics of OSCs is a subject of recent and
intense interest in literature. Molecular orientation can be controlled in planar
heterojunction (PHJ) OSCs by using templating layers such as PTCDA and Cul. The
third objective of this research work is to determine the effect of molecular templating on
hole mobility of phthalocyanine/C60 planar heterojunction OSCs and examine associated
changes in device physics. In addition, the fourth objective of this research work is to
compare the templating efficacy of the two common templating layers, Cul and PTCDA,
across a wider variety of phthalocyanine donor materials. The findings in Chapter 7 show
that the interaction between different phthalocyanines and templating layers are unique to
each combination and affect different aspects of OSC device physics. For example, the
performance improvements in templated ZnPc OSCs are mainly due to improved exciton
dissociation in the device and contrary to expectations, templating reduces charge
mobility in ZnPc. In contrast to ZnPc, the performance improvements in templated
CIAIPc OSCs are due to improvements in both exciton dissociation efficiency and charge
transport. Finally, SubPc is only templated by PTCDA and is unaffected by Cul.
However, PTCDA templated SubPc devices show reduced exciton dissociation and hence
lower performance over controls. These findings are significant because they show that
the hole mobility of phthalocyanines is not necessarily improved by templating, which
runs contrary to expectations. Templating layers affect the molecular orientation as well
as the aggregation, crystallinity and packing of the phthalocyanine films. Even if
molecular orientation is favorable for hole transport, a greater degree of disorder in the
templating phthalocyanine films can result in lower hole mobility. Future work should
examine whether the molecular orientation a bulk heterojunction can be controlled as
well. To this end, potential approaches include molecular modification of donor
materials, deposition on a heated substrate and deposition of bulk heterojunctions on

templated neat layers of organic materials.
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The final objective of this research work is to investigate the degradation behavior
of templated phthalocyanine/C60 planar heterojunction OSCs. Chapter 8 addresses this
objective by studying the degradation of templated and untemplated ZnPc, ClinPc and
SubPc PHJ OSCs. One of the leading causes of degradation of small molecule OSCs is
the formation of trap states in C60 due to photo-oxidation in the presence of oxygen. In
the PHJ OSCs, our results show that the extent of C60 degradation due to photo-
oxidation is dictated by the C60 morphology, which in turn is influenced by the donor
material used. The surface roughness, crystallinity and molecular orientation of the donor
material are mimicked by the C60 when deposited on top. Our results suggest a
correlation between C60 roughness and degradation — rougher films are less prone to
degradation than smoother films. However, the effect of templating the ZnPc and ClInPc
donors with PTCDA or Cul has little effect on the overall stability of the PHJ OSCs,
indicating that molecular orientation is not an important factor in determining the stability
of PHJ OSCs. This study is significant because it is the first to show that the photo-
oxidation of C60 in a PHJ OSC is affected by C60 morphology, which in turn is
determined by the morphology of the donor material used. Future work examining the
degradation behavior of OSCs should focus on identifying cathode buffer materials with
low oxygen and moisture penetration rates in hopes of reducing the photo-oxidation of

C60.
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Appendix

Time-zero PV performance of the OSCs shown in Figure 32.

Table A8: Time-zero PV Performance of ZnPc, SubPc and ClInPc PHJ OSCs used in
Chapter 8

Device | Jsc Voc FF Efficiency
[mA/cm2] | [mV] [%] | [%]

ZnPc 3.19 | 438.44 | 47.64 0.67
SubPc 4.80 | 1117.80 | 52.49 2.82
ClInPc 4.14 | 783.68 | 55.84 1.81

Time-zero PV performance of OSCs shown in Figure 36

Table A9: Time-zero PV Performance of Control, PTCDA-templated and Cul-templated
ZnPc PHJ OSCs shown in Chapter 8

Device Jsc Voc FF Efficiency
[mA/cm2] | [mV] | [%] | [%]

ZnPc Control | 3.19 438.44 | 47.64 | 0.67

PTCDA/ZnPc | 4.10 512.76 | 52.77 | 1.11

Cul/ZnPc 3.87 491.46 | 50.41 | 0.96

Time-zero PV performance of OSCs shown in Figure 37

Table A10: Time-zero PV Performance of Control, PTCDA-templated and Cul-templated
ClInPc PHJ OSCs shown in Chapter 8

Device Jsc Voc FF
[mA/cm2] | [mV] | [%]
ClInPc Control | 4.14 783.68 | 55.84
PTCDA/ClInPc | 4.72 796.74 | 54.26
Cul/PTCDA 4.46 599.22 | 49.25
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