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ABSTRACT

This thesis outlines several new approaches to fabricating improved
organic solar cell (OSC) designs. Glancing angle deposition (GLAD) was used
to grow thin films of metal phthalocyanine (MPc) materials with columnar
morphologies suitable for use in OSCs. Advanced substrate motion
techniques were used to constrain column broadening during growth, in
order to approach diameters comparable to the short exciton diffusion
lengths in these materials. Substrate patterning was used to predefine growth
sites for these columnar films, and thereby regulate column spacing and
improve film uniformity. Increased column densities and decreased column
diameters were achieved as a result.

Integration of columnar films into OSCs was challenged by the
sensitivity of MPc materials to the solvents used to cast the adjacent layer.
Significant recrystallization of the films occurred when directly contacted by
these solvents. Varying degrees of material mixing between layers were
observed as a result of the solvents when casting the adjacent layer. This
result provides an alternative approach to building a mixed active layer
structure, which has so far only been possible via codeposition of vapors or
polymer blending. Material mixing was shown to improve device

performance, which led to photoconversion efficiencies of up to 3.0% when



used in combination with a GLAD-structured MPc layer. This result stands
among the best results achieved in the literature for these devices. Optimized
devices were enabled by a careful evaluation of the degradation behavior and
thickness effects of the various device layers.

Argon plasma etching was used to structure planar MPc films and
commercial indium tin oxide (ITO). Nanopillar features emerged in both
cases, which are very attractive from an OSC perspective. The surface
composition of these films was altered by the etching process, resulting in
damaged film properties. The damage to MPc films was irreversible,
preventing their ideal morphologies from improving OSC performance. For
ITO, however, optical and electrical properties were recovered using a two-
stage annealing process, leaving the films fully functional for use in a variety

of optoelectronic devices.
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1 . INTRODUCTION

“I’d put my money on the sun and solar energy. What a source of
power! I hope we don’t have to wait until oil and coal run out
before we tackle that.”

- Thomas Edison, March 1931 [1]

1.1. Motivation

In an ever-growing energy economy, whose ubiquitous dependence on
fossil fuels gives rise to various environmental concerns, demands for
renewable energy are stronger than ever. Solar power is expected to play an
increasingly important role in meeting these energy needs, and various
approaches to harvesting solar energy are being pursued. At the forefront of
these efforts are photovoltaic (PV) devices, which convert solar radiation
directly into electrical power via the photovoltaic effect.

Crystalline silicon PV products dominate the solar market with their
highly competitive cost per watt and photoconversion efficiencies of nearly
20%. The retail price of these panels has decreased dramatically over the past
two decades due to refinements in processing, improvements in
photoconversion efficiency, and economies of scale [2,3]. Consequently, the
global PV market has grown during this time by an annual rate of over 30%
[2-7]. However, the high temperature processing and material purity
requirements for conventional PV technology render them almost irreducibly
expensive. Large scale power generation from PV remains uncompetitive
with fossil fuels in most areas of the world [8]. Elaborate designs for
concentrator systems and multi-junction PV devices have pushed efficiency
records beyond 40%, but at a much higher cost [9,10]. Thin film PV
technologies take an alternative approach of sacrificing module performance
for reductions in cost and energy inputs by using amorphous semiconductor

layers [11]. The leading thin film company, First Solar, is currently the largest
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and most profitable PV module manufacturer in the world [12]. They claim a
30% cost advantage over crystalline silicon PV manufacturers, as well as the
best energy payback time of any manufacturer in the industry [13]. From this
trend, it appears that sacrificing panel efficiency to accomplish lower per-watt
costs is acceptable, which suggests that area is not a major constraint for most
PV installations. This warrants further development of photovoltaic devices
based on inexpensive and abundant materials that can be processed at high
throughput using low-cost mass manufacturing methods [8].

Organic photovoltaic (OPV) devices utilize small molecule or polymer
materials to absorb light and generate electrical power. Emerging nearly three
decades ago [14], OPV devices have made great strides in recent years to
become a promising new platform for achieving ultra-low-cost solar energy
conversion [3,4,10,15-22]. The usage of inexpensive materials and substrates,
combined with the ability to manufacture at great speed using roll-to-roll
coating techniques, provides great advantages over conventional technology
[23]. Furthermore, the possibilities for new materials with improved and
tunable properties are immense. Semitransparency and color tunability are
unique advantages of OPV technology, which could provide aesthetic appeal
and enable application-specific panel designs. From a consumer perspective,
the lightweight, flexible, and portable nature of these products would make
them even more attractive [24-28]. Integration into portable electronic
devices, such as the back of mobile phones and tablet computers, could
liberate users from grid-tied battery charging [7]. The potential for OPV
technology is well-recognized, as indicated by the rapid rise in recent
publications [4,29] and commercialization efforts [18].

Commercial success of OPV technology has been limited by poor
module efficiency and lifetime. A commonly cited efficiency milestone for
commercial relevance of OPV technology is 10% [30]. This target has been
seriously approached only within the last two years, and only on very small
area cells. As with any PV technology, module performance is limited by the
individual cells with the lowest current. The best OPV module efficiencies are

4.2% [31], but values of 2 ~ 3% are more common [32,33]. Module lifetimes are
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another important issue plaguing the advancement of OPV technology.
Performance often drops within hours of exposure to air [34-36], and even
encapsulated modules typically last little more than a year at best [29,37]. One
recent study reports projected lifetimes of up to 7 years for a new polymer
device [38], which may be sufficient for initial niche applications, but lifetimes
of over 20 years will be necessary to compete with other PV products.
Encapsulated small molecule OPV devices exhibit the strongest lifetimes [39-
41], with some projections of beyond 30 years [42]. Heliatek, a leading OPV
company, claims the highest device lifetimes and efficiencies in the industry
[43,44]. Remarkably, this is accomplished without precise control over the
nanoscale film morphology of materials in the active layer. Improvements in
this area were recently stated as a critical means of further increasing their
device performance [45], which could suddenly result in a product capable of
competing with other PV technologies.

The rapid progress seen in the OPV field in recent years is compelling.
Still, it is well recognized that any significant market impact relies heavily on
improved photoconversion performance. This thesis describes several

nanostructuring techniques that may be used towards these ends.

1.2. Organic Photovoltaic Devices
1.2.1. History

The OPV field falls under the broader umbrella of organic electronics,
a field which also includes organic light-emitting diodes (OLEDs) and organic
thin film transistors (OTFTs). It began with the discovery in 1977 by Alan
Heeger’s group that the conductivity of polyacetylene could be increased by
10 orders of magnitude by doping with iodine [46]. This meant that the
properties of conjugated polymers could be tailored to act as electrical
conductors and semiconductors, and the discovery was awarded the Nobel
Prize in Chemistry in the year 2000. It took a while, however, before this

discovery translated into the first organic optoelectronic devices.
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The first organic solar cell was devised in 1986 by Ching Tang at
Eastman Kodak [14]. His design was a bilayer of 2 small molecule organic
semiconductors, which achieved a photoconversion efficiency of 1%. A year
later, he used a similar device layout with different materials to make the first
OLED [47]. Polymeric devices came a bit later, with the first polymer OLED
being demonstrated in 1990 [48] and the first demonstration of photovoltaic
charge generation from polymer semiconductors occurring in 1992 [49], again
by Heeger's group. Following further improvements in the technology,
Heeger co-founded the first commercial OPV venture in 2001, Konarka. By
2005, efficiencies of 5% were within reach [50], but it wasn’t until 2009 that
OPV products were available. Until about that time, Konarka remained the
only significant OPV company, though the intellectual property was broadly
distributed [18]. Meanwhile, progress on OLED technology has outpaced
OPV, with commercialization well underway. The great success of the OLED
industry remains a source of optimism for the OPV community.

Recently, OPV commercialization has become more competitive, with
companies such as Mitsubishi, and BASF-sponsored Heliatek, making
aggressive strides. Mitsubishi recently achieved the 10% efficiency target with
a single junction device [10,51], while Konarka, Solarmer, and Heliatek have
all exceeded 8% [22]. Heliatek currently holds the efficiency record for a
tandem device, with 10.7% [43].

1.2.2. Energy conversion process

Organic conductors and semiconductors operate on fundamentally
different physics than their inorganic counterparts, and therefore OPV
devices face several new limitations and challenges. Inorganic PV devices are
able to immediately generate free charge carriers upon light absorption,
which can be gathered by the built-in electric field in the p-n junction and
contribute to current. However, OPV devices are excitonic, which means that
incoming light generates a tightly bound electron-hole pair, referred to as an
exciton [52]. Exciton binding energies in organic semiconductors are typically

0.5 ~ 1.0 eV [53-55]. In order for this exciton to generate free charge
4
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Figure 1.1 Charge generation process in an excitonic solar cell illustrated by (a)
energy band diagram, and (b) cross-sectional device layout. Panel (b)
is adapted with permission from [56], © (2008) IEEE.

carriers that contribute to current, it must first dissociate into a free electron
and hole. This is accomplished by encountering an interface with another
material, if the energy difference between the LUMO bands is greater than
the exciton binding energy (see Figure 1.1a). Once dissociation is complete,

the electron is swept through the “electron acceptor” material (A) for
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collection at the cathode, while the hole is swept through the “electron
donor” material (D), for collection at the anode (see Figure 1.1b). Thus, in its
most basic form, an OPV device consists of an active layer (containing the
organic semiconductors and the D/A interface) sandwiched between two
electrodes, one of which must be transparent to allow light into the cell.
Because this process relies so heavily on successful exciton dissociation, much
of the engineering in OPV devices is focused on the D/A interface.

If the exciton does not encounter the appropriate interface, it will
continue to diffuse through the donor material and recombine in a thermally
dissipative process. What makes OPV device design so challenging is that the
exciton diffusion length, Lbp, is typically very short in organic materials, on the
order of 5 ~ 20 nm [57]. Thus, the donor layer must be extremely thin to
promote strong exciton dissociation efficiency, which limits absorption. This
is compounded by the fact that most light absorbing organic semiconductors
used in OPV devices have a rather narrow absorption spectrum. Furthermore,
the low charge carrier mobilities in organic semiconductors make charge
extraction difficult, which further constrains the absorber layer thickness. The

following section discusses the limits to OPV device efficiency further.

1.2.3. Photoconversion efficiencies and limiting factors

The practical definition of a solar cell’s photoconversion efficiency, np,

is given by:
ne= Voc]scFF / Pinc (1)

Here Vo is the open circuit voltage, Js is the short circuit current
density, FF is the fill factor, and Pinc is the incident solar power. Generally,
device testing is done under AM 1.5 G simulated irradiation (Pinc = 100
mW/cm?), and the device parameters mentioned in equation 1 can be
calculated from the current-voltage curve of a cell under illumination (see

Figure 1.2).
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Figure 1.2  Current voltage behavior of a photovoltaic device.

Each step in the photoconversion process can be attributed with its
own efficiency (denoted by m). Quantum efficiency (QE) is defined as the
number of electrons generated per number of incident photons. Ideally QE =
1 = 100%, where each photon generates an electron for current flow. The
internal quantum efficiency, nice, is the product of the efficiencies of four

separate steps in the charge generation process [57]:

TIQE = MA MED MCT MNCC, (2)
where

na = efficiency of light absorption within the active layer of the cell,
nep = efficiency of exciton diffusion to the active layer interface,

ner = efficiency of charge transfer (exciton dissociation efficiency), and
nce = efficiency of charge collection once the exciton is dissociated.
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The external quantum efficiency, necg, is then defined by taking into
account reflective losses that limit the energy available for absorption in the

active layer:
nece = (1 = R) nigg, (3)
where R = the reflectivity of the substrate/air interface.

In most cases, charge transfer and collection proceed with nearly 100%
efficiency in molecular OPV cells, meaning that the light absorption and
exciton diffusion processes account for the majority of losses. Therefore, the
internal quantum efficiency is primarily determined by the product of naneo.
This efficiency product presents the previously-mentioned trade-off between
light absorption and exciton diffusion. For an organic layer of thickness d, the

absorption efficiency is determined by:
na = (1 -e™), (4)

where a = absorption coefficient,

and the exciton diffusion efficiency is:
Nep = e dlo, (5)
where Lb = exciton diffusion length.

For almost all absorber materials used in OPV cells, Lo << 1/a. ( Lp ~ 5
nm, 1/a ~ 50 nm [58]). This leads to the “exciton diffusion bottleneck”
illustrated in Figure 1.3, where an increasing absorber layer thickness lowers
the efficiency product by reducing the percentage of excitons that reach the
D/A interface. The challenge, then, is to capture as much incoming light as
possible while ensuring that the majority of excitons are created within
acceptable range of the D/A interface. New materials with improved
absorption and exciton lifetime properties, as well as innovation in
structuring materials at the nanoscale, are therefore the most important
means of improving OPV device efficiency. This thesis focuses on optimizing
the nanostructure of the donor layer. This approach is further discussed in

section 1.3.4.
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Figure 1.3  Exciton diffusion bottleneck: device efficiency drops as the thickness
of the absorber layer grows beyond the exciton diffusion length.

Reproduced with permission from [57].

1.2.4. Tandem device architectures

Many organic semiconductors used in OPV devices have a narrow
absorption window. Their inability to collect an appreciable amount of the
solar spectrum has led to the development of tandem architectures. In some
cases, this is as simple as using two donor materials in one active layer
[59,60]. However, in most cases an additional active layer is stacked on top of
the device, which uses materials that capture the portion of the spectrum that
is missed by the first one. Early demonstrations of this strategy yielded
photoconversion efficiencies of 5.7% for small molecules [61] and 6.5% for
polymers [15]. More recently, the records have climbed to 10.6% for polymers
[20] and 10.7% for small molecules [43].

For tandem device concepts to be useful, the performance enhancement
must outweigh the cost of additional processing. A recent study determined
that the most market-relevant performance metrics for OPV modules are a
combined 7% module efficiency and 5 year lifetime [62]. Applications with

spatial constraints would benefit most from tandem cells, but otherwise the
9
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lowest cost per watt module that achieves these metrics will be used. Whether

single junction or tandem cells are best suited to these goals is yet to be seen.

1.3. Metal Phthalocyanine OPV Device Considerations
1.3.1. Active layer material properties

The materials used in the active layer of an OPV device hold the
critical properties that determine device performance. The optical bandgap
determines the absorption spectrum. The exciton diffusion length determines
the upper bound on nanoscale film feature dimensions required for charge
generation. The charge carrier mobilities determine the upper limit on the
active layer thickness that will enable sufficient charge collection. And finally,
the relative alignment of HOMO and LUMO levels determine the voltage, the
losses associated with charge transfer, and the ease with which charges can be
transferred to the electrodes. The properties of organic thin films are mostly
determined by molecular structure and composition, but are also affected by
the film deposition conditions and the properties of adjacent layers.

As mentioned previously, the active layer is composed of electron
donating (D) and electron accepting (A) domains, which are analogous to the
p-type and n-type materials that make up a conventional p-n junction. Unlike
a conventional p-n junction, however, there is no depletion region in the
active layer of an OPV device. Instead, a local field is present at the D/A
interface, which is responsible for charge transfer [49,63-65]. Consequently,
the photocurrent is voltage-dependent — another substantial difference from
conventional p-n junctions — which is ultimately responsible for the low fill
factors seen in OPV devices [64]. Following the analogy to conventional
semiconductors, the valence and conductance energy bands in organic
semiconductors are referred to as the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), respectively.
Technically, both the D and A materials can contribute to absorption and
exciton generation, and thereby contribute to photocurrent. In most cases,

however, absorption and exciton creation occurs primarily in the donor layer.

10
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Figure 14 Dependence of the maximum power conversion efficiency of an OPV
device on the LUMO level and band gap of the donor material.
Reproduced with permission from [66], © 2006 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Much work has been done on identifying the ideal properties of donor
materials [66-68]. An optimal bandgap is necessary for maximum absorption,
but must be achieved with energy bands that coincide appropriately with
those of the acceptor material in order to enable exciton dissociation. In the
vast majority of cases, the acceptor is a fullerene molecule, such as Ceo, Cro, or
their solubilized counterparts, PCaiBM and PCnBM. Thus, the analysis for
ideal donor properties usually assumes a PCBM acceptor, with a HOMO of
6.0 eV and a LUMO of 4.3 eV. A local electric field of at least 10° V/cm is
needed at the D/A interface to accomplish exciton dissociation, which
requires that the LUMO of the donor be at least 0.3 eV higher than that of the
acceptor [63-65]. Exceeding the minimum offset results in losses, so the
optimal LUMO of the donor is relatively fixed, at around 4.0 eV. The V. is
determined by the difference between the HOMO of the donor and LUMO of

11
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the acceptor [69], and generally follows the following relation [66]:
Voc = (1/€)(1EPrrHOMO| — |EPFBMLUMOI) - 0.3 V (6)

A high V. is desired to maximize device performance, which implies a
deep HOMO level in the donor. With a fixed LUMO level, deepening the
HOMO level implies a widening bandgap, which reduces the number of
photons available for absorption. This compromise between cell voltage and
absorption follows the traditional Shockley-Queisser analysis for a general p-
n junction PV device [70,71]. Similar to those results, a bandgap of about 1.5
eV is found to be optimal for absorbers in OPV devices as well, as outlined in
Figure 1.4.

Following light absorption, the next donor material property under
consideration is the exciton lifetime, which is often quantified as the diffusion
length, Lp. If the exciton does not reach the D/A interface in time, it
recombines in a thermally dissipative process, which is often a significant
source of loss. The longer the exciton diffusion length the better, but
unfortunately it is less than 20 nm for most organic semiconductors [72-78].
The exciton diffusion length can be improved by increasing the film
crystallinity [79,80], though not nearly enough to enable the use of much
thicker films. As a result, nanoscale film structuring is necessary to achieve
higher efficiencies, which is discussed further in section 1.3.4. Nevertheless, a
high exciton diffusion length is highly regarded when evaluating the
effectiveness of organic semiconductors for use in OPV devices.

The final important property of an active layer semiconductor is its
charge carrier mobility, which determines how easily the dissociated
electrons and holes can reach the electrodes. Specifically, the hole mobility of
the donor (pp) and the electron mobility of the acceptor () are important. In
general, mobilities of organic semiconductors compare poorly to their
inorganic counterparts, but are sufficient and improving. Ideally, pp would be
comparable pn to prevent the build-up of space charge [73,81], but this is
rarely the case. The electron mobility of fullerene films is very good (8.5 x 103

cm?/V-s [82]), so the primary concern is the hole mobility of the donor.

12
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Figure 1.5 Small molecules commonly used in OPV devices.

Similar to exciton diffusion, charge carrier mobilities are also related to
film crystallinity [81,83]. As such, annealing is often used to improve the hole
mobility in the donor layer, which has been shown to increase the
photoconversion efficiency by up to ten times [81]. Small molecule films
generally have higher mobilities than polymer films, owing to their strong
crystalline nature [73,81,82,84]. The purity of the donor material also plays a
significant role here, with higher purity layers having higher mobilities due to
fewer defect states [83,85]. The pp of the donor is usually within one or two
orders of magnitude of the un of the acceptor, which is sufficient to prevent
the build-up of space charge from seriously hindering charge collection.

The majority of work in this thesis is aimed at nanostructuring vapor-
deposited organic thin films. Therefore, only those materials that require
vacuum evaporation are of interest, which draws our attention away from
polymers, and towards small molecules. Metal phthalocyanine (MPc)
materials have been used extensively in OPV devices, due to their superb
exciton and charge transport properties, their suitable absorption spectrum,
and their appropriate energy band alignment relative to Ceo.

The most popular MPc material used in OPV devices is copper
phthalocyanine (CuPc), shown in Figure 1.5, which has been used to achieve
photoconversion efficiencies upwards of 5% [86]. Its absorption spectrum (see
Figure 1.6) contains two absorption bands in the visible region, known as the
Q band and the Soret band [87]. The Q band exhibits a two-peak profile in the

13
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Figure 1.6  Absorption coefficient of CuPc and fullerene films plotted against the
solar spectrum. Reprinted with permission from [73]. Copyright
(2008) American Chemical Society.

500 ~ 800 nm wavelength range due to Davydov splitting [88,89], which
originates from the m-m* transition and is responsible for most of the
photoconversion. The Soret band has a narrow absorption window between
300 ~ 400 nm, which also contributes to photocurrent. The lack of absorption
in the 400 ~ 500 nm wavelength range is the greatest weakness of CuPc as an
OPV donor material. The exciton diffusion length of CuPc is commonly cited
at around 15 nm [72-75], though an upper limit has been estimated at 50 nm
[90], or even 68 + 20 nm [91]. The hole mobility is often measured to be in the
range of 7 x 10 ~ 8.5 x 10 cm?/V-s [82,84,92], but values of up to 0.01 cm?/V-s
have been observed as well [93-95]. Both the exciton diffusion length and
hole mobility can be improved by using high purity materials, and by
annealing the films after deposition to improve their crystallinity.

More recently, zinc phthalocyanine (ZnPc) has been the MPc molecule
of choice, due to its superior Lo while otherwise having similar properties to
CuPc [96]. A bilayer ZnPc device commonly yields a photoconversion
efficiency of 1.4 ~ 1.8% [96,97], but substrate heating can increase it to 3.0%
[97] and active layer mixing has yielded up to 3.9% [98]. Other MPc molecules
have also been studied recently — such as SubPc, CIAIPc, ClInPc, and TiOPc -

primarily to increase Vo [99-104]. However, the extensive work performed on
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CuPc and ZnPc OPV devices provides the best platform for which to evaluate
the effects of nanoscale material structuring. These two molecules were
therefore used for the majority of work in this thesis.

As mentioned previously, the most common acceptor molecule used in
MPc-based OPV devices is the Ce fullerene (shown in Figure 1.5), or its
solubilized version, [6,6]-phenyl-Cs: butyric acid methyl ester (PCeaiBM). The
popularity of this molecule is primarily based on its strong electron mobility.
More recently, Cz (or PC1BM) has been used to boost efficiencies of OPV
devices due to its superior absorption and ability to contribute to
photocurrent [16,105-108]. Another noteworthy acceptor molecule used in
combination with CuPc is perylenetetracarboxylic bis-benzimidazole (PTCBI),
which was used in the original bilayer OPV device [14] and other early
milestone devices [90,109,110], but is no longer being used due to its poor Lo
and pp. This molecule is also shown in Figure 1.5. Solution processing of the
acceptor layer is required for effective filling of nanostructured donor layers.
The devices in this thesis utilize PCsiBM, hereafter referred to as PCBM,
which is the most commercially available and studied soluble acceptor.

On a final note, one of the major criticisms of small molecule OPV
devices is their dependence on vacuum deposition techniques. Solution-
processable small molecules are being actively pursued as a result [111-113].
Heliatek, however, appears unfazed by this and has pioneered a roll-to-roll
manufacturing line for small molecule OPV panels that incorporates vacuum
processing. Presumably, this follows from the fact that small molecule OLED
devices currently outperform their polymer competitors by a wide margin.
Therefore, the prospects for vacuum-deposited small molecule OPV devices

remain bright.

1.3.2. Interface materials

Charge extraction from the active layer requires conductance across
organic/inorganic and molecular/polymer interfaces, each of which present
their own challenges [114-118]. Not only must these interfaces conduct the

appropriate charge carriers, ideally they would also help to confine excitons
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to within the active layer by preventing quenching. Difficulties in charge
transfer between layers are revealed by a characteristic s-shape, or “kink”, in
the current-voltage behavior [119-122], resulting in a poor fill factor. Interface
layers, also known as buffer layers, are often used to facilitate charge
transport across interfaces, which are broadly categorized as either an
electron transport layer (ETL) or a hole transport layer (HTL). The ETL refers
to the interface material between the acceptor material and the cathode,
whereas the HTL refers to that between the donor and the anode.

In small molecule OPV devices, a HTL is not often used. Careful
preparation of the anode surface can set the work function appropriately
[123-128], which is usually done by a series of solvent and plasma cleaning
procedures. A conducting polymer, poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), is sometimes used to planarize the
anode and reduce the extensive cleaning efforts required [119]. This layer is
used extensively in polymer OPV devices, but its ability to etch indium out of
the anode and facilitate degradation [29,34,129,130] have motivated the
development of alternatives [131-136]. The devices presented in this thesis
utilize PEDOT:PSS due to its commercial availability, ease of processing, and
strong performance.

Though an HTL is not always necessary, an ETL is almost always
required. In small molecule devices, ETLs are often referred to as exciton
blocking layers (EBL), because they perform a dual function of conducting
electrons and preventing exciton quenching at the cathode. The most widely
used EBL is bathocuproine (BCP) [58,119,137], whose large bandgap is
responsible for preventing exciton quenching. Perhaps the more important
function, however, is to prevent damage to the active layer during deposition
of the metal cathode [137,138]. As a result, the BCP layer fronts the damage,
which results in defect states that enable electron transport out of the active
layer. The disadvantages of using BCP are its rapid degradation and the high
sensitivity of device performance to its thickness. Alternatives have been
developed [131,139-144], but in most cases it is more than sufficient. As such,
the only EBL used in this thesis is BCP.
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Figure 1.7 (a) Layout of material layers commonly used in small molecule OPV
devices and (b) the corresponding energy band diagram. The physical
penetration of Al into BCP shown in (a) creates the defect states that
enable electron transport from the LUMO of PCBM to the Al, shown
in (b). Panel (b) was adapted with permission from SPIE [145].

1.3.3. Electrodes

Typical OPV devices contain one transparent electrode (to let light into
the cell, usually the anode) and one opaque one (usually the cathode). The
only critical properties of the electrodes are strong lateral conductivity and a
suitable work function. The difference between the work functions of the
electrodes is responsible for setting up the built-in voltage, Vv, which plays
no role in exciton dissociation but is necessary for the collection of separated
charge carriers [122]. Indium tin oxide (ITO) [146] is almost universally used
as the transparent electrode in OPV devices, as it transmits over 80% of
incident light over the entire visible spectrum. However, concerns over its

long-term availability [8] encourage the development of alternatives [147].
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Figure 1.8 Active layer heterojunctions used in OPV devices: (a) bilayer, (b)

mixed, and (c) ideal. Reprinted with permission from SPIE [145].

Some noteworthy examples are fluorine-doped tin oxide [148], metal
nanofiber webs [149], ultrathin metal layers [150], metal grids [151,152],
carbon nanotube films [153], and PEDOT:PSS-only electrodes [154].

The design of the opaque electrode is far less challenging because most
conductors are opaque, leaving a wide range of possible choices. A high work
function metal is required, so aluminum and silver are commonly used.
Meanwhile, printable electrodes are being developed for commercial
purposes to enable complete roll-to-roll processing [152,155-157].

Because the work in this thesis is focused on optimizing the active
layer, the most conventional electrodes are used: ITO and aluminum. This
completes the material selection for the platform small molecule OPV device
used in this thesis. The corresponding physical device layout is shown in
Figure 1.7a, and the energy band diagram is shown in Figure 1.7b. Energy
band values were taken from [66,158].

1.3.4. Structural optimization of the active layer

The first OPV devices [14,58,110] contained a planar interface
structure, termed the bilayer (Figure 1.8a), which remains a common platform
for evaluating new materials today. As mentioned previously, however, light
absorption in this layout is limited due to its trade-off with exciton diffusion.
The optimal donor layer thickness for bilayer devices is around 20 nm
[73,96,103], which is insufficient to capture the majority of incident light.
Nanoscale material structuring can be used to circumvent this bottleneck, by
increasing the D/A interface area and thereby enabling the use of thicker
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Figure 1.9 (a) ideal donor layer morphology and (b) complete OPV device [159].

Reproduced by permission of The Royal Society of Chemistry (RSC).

donor layers [73,104].

One of the most common active layer structures is the mixed
heterojunction (MH]J), shown in Figure 1.8b, which provides significant
interface area enhancement through co-deposition of donor and acceptor
materials [82,86,100,101,160-162]. Mixed layers are usually homogenous, but
concentration gradients have been used recently to further improve
performance [101,163]. Similar to bulk heterojunction (BHJ) polymer blends,
mixed small molecule heterojunctions can be accomplished via solution
processing [111-113,164-166]. Regardless of the deposition technique, neo in a
MH] is close to 100% due to the close proximity of the D/A interface to
wherever light is absorbed. However, due to reduced crystallinity and
increased charge recombination, the mixed layer has considerably higher
series resistance. This makes charge collection much more difficult, and ncc is
reduced to around 30 ~ 40% [73]. As a result, optimal performance is still
found with only very thin active layers, usually 60 nm or less [86,100].
Nevertheless the MH] remains the most successful way to achieve high
efficiencies in small molecule OPV devices, with photoconversion efficiencies
reaching 6.4% [162] (or 5.0% using CuPc [86]). The pursuit of a better
heterojunction structure that removes the trade-off between exciton diffusion
and charge collection remains.

Highly ordered interpenetrating networks of donor and acceptor
materials that maintain clear conducting pathways to electrodes are

characteristic of the ideal heterojunction, depicted in Figure 1.8c. Ideally,
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these networks would resemble a chessboard arrangement, as illustrated in
Figure 1.9, with column diameters that closely match the exciton diffusion
length, and an overall active layer thickness of around 200 nm [73].

The fabrication of an ideal OPV device is challenging because the
critical feature dimensions of the donor layer are so small (~ 20 nm). Various
methods are being used to structure MPc’s in this manner, such as organic
vapor phase deposition [90,167], surface treatments prior to deposition
[168,169], substrate heating during deposition [97,170], and recrystallization
of films after deposition via solvent exposure [103,171-174]. So far, the
optimal active layers achieved using these methods are still limited to
thicknesses well below 100 nm, and therefore have poor overall absorption
and mediocre performance. A noteworthy exception is a recent discovery by
Nakamura’s group whereby columnar donor films are achieved via thermal
treatment of a spun-coat solution layer. These films achieve sub-30 nm
column diameters, which is very close to the exciton diffusion length,
resulting in efficiencies of up to 5.2% [175]. The recent 10% efficiency result by
Mitsubishi was apparently achieved using Nakamura’s techniques, though it
has not yet been published and appears to be troubled by large area
uniformity concerns [51].

This thesis describes new approaches to fabricating nanostructured
donor films for OPV devices, by using glancing angle deposition (GLAD)
[56,145,159,176,177], block copolymer (BCP) surface patterning [145,159,176],
solvent recrystallization [177], argon plasma etching [178], nanostructured

electrodes [179], and combinations thereof.
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2 . GLAD MPc THIN FILMS!

This chapter describes methods to create columnar MPc films suitable

for use in OPV devices, as illustrated in Figure 2.1.

PSS

PEDOT

Figure 2.1 Illustration of how columnar MPc layers may form the foundation of

an interdigitated OPV device.

2.1. Introduction
2.1.1. Glancing Angle Deposition

Glancing angle deposition (GLAD) is a physical vapor deposition
technique that employs oblique deposition angles and substrate rotation to
fabricate columnar thin films with high surface area [180-183]. A typical
GLAD setup is shown in Figure 2.2. A high vacuum environment ensures
that a collimated vapor flux arrives at the substrate at a consistent angle. In
this way, the angle between the substrate normal and the vapor flux, o, can
be manipulated to control nucleation density and the degree of self-
shadowing during film growth (Figure 2.3). Limited surface diffusion of
incident adatoms ensures that this self-shadowing causes growth of detached,

Portions of this chapter were reproduced from [159] by permission of The Royal
Society of Chemistry (RSC), and from [177], Copyright (2011), with permission

from Elsevier. 21
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Figure 2.2 Illustration of the GLAD process: deposition angle o is the angle
between the substrate normal relative to the incident vapor flux, and

rotation angle ¢ is used to denote substrate rotation [184].

Fe O
|
|

Figure 2.3  Self-shadowing of film nucleation sites enables the growth of
columnar film morphology [184].

columnar structures. If the substrate is held fixed during deposition, the

resulting film will exhibit slanted post morphology. However, the substrate

can also be rotated during deposition (described by the angle variable ¢),

enabling many other morphologies, such as vertical posts, helices, chevrons,
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constant a,
constant a, ¢ (no motion) continuous ¢ rotation

%

constant a, ¢ (no motion) constant a,
on seeded substrate periodic ¢ rotation

Figure 2.4  Archetypal GLAD films: (a) slanted posts, reprinted from [185],
Copyright (2006), with permission from Elsevier, (b) vertical posts,
reprinted with permission from [186], Copyright (2009), American
Vacuum Society, (c) micro ribbons, reprinted with permission from
[187], Copyright (2005), SPIE, and (d) square spirals, reprinted with
persmission from [188], Copyright (2005), IEEE. Scale bars are 1um.

and square spirals. Some examples are shown in Figure 2.4 [185-188].
Column broadening is commonly seen in GLAD thin films [186].
Minimizing this broadening can often be accomplished with a substrate

motion technique known as ¢-sweep [185,188,189]. As opposed to the
23
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Figure 2.5 Illustration of the ¢-sweep substrate motion technique.

Figure 2.6 An aluminum film grown on ITO with ¢-sweep, showing minimal

column broadening,.

continuous rotation in ¢ used to create vertical post films, the ¢-sweep
technique involves periodically and discretely rotating the substrate back and

forth about the substrate normal as the film grows. Periodic shifts in ¢ by an
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angle of + y break the anisotropy of shadowing, which discourages column
broadening and results in a more uniform film with more surviving posts.
This process is illustrated in Figure 2.5, and a ¢-sweep aluminum film is
shown in Figure 2.6 which clearly shows the ripple effect created from the

alternating growth segments.

2.1.2. GLAD for OPV devices

Nanostructured CuPc via GLAD was first introduced for OPV devices
in 2008 [56]. Since then, the use of GLAD for structuring materials in OPV
devices has continued [159,176,177,190-195]. The technique has also been
used to structure TiOx in dye-sensitized [196,197] and hybrid organic-
inorganic [198,199] solar cells.

Metal phthalocyanines are not the first organic small molecules to be
structured with GLAD; reports on Alqs, Cso, and pentacene date back to 2006
[200-202]. However, accomplishing columnar films with dimensions relevant
for OPV devices is rather challenging. Column broadening, a common effect
observed in GLAD films [186], makes it difficult to reach the ideal active layer
thickness of 200 nm while maintaining small column diameters. This chapter
outlines methods that can be used to constrain column broadening, resulting

in films that are well-suited to ideal OPV architectures.

2.2. Experimental Details
2.2.1. Substrates

To mimic OPV device fabrication conditions, many of the films shown
here were grown on an indium tin oxide (ITO)/glass substrate, coated with a
thin layer of PEDOT:PSS (Clevios P VP Al 4083) via spin casting. ITO
substrates received a 1 minute oxygen plasma cleaning treatment prior to
PEDOT:PSS application. Bare Si substrates were used in parallel with the ITO
substrates primarily for the purposes of obtaining XRD data, and some of the
morphologies reported here are shown on Si. Microscope slides were also
included in each deposition for the purpose of acquiring absorbance data.
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2.2.2. MPc film deposition and characterization

CuPc and ZnPc material was acquired from Sigma-Aldrich and was
subsequently purified via a one-step vacuum thermal gradient process at
400°C. Films were grown in a two-motor GLAD apparatus, as shown in
Figure 2.2, at a throw distance of 34 cm. Film deposition was performed at
high vacuum (2 x 107 Torr) with a source temperature of 390°C, resulting in a
deposition rate of 0.7 A/s at normal incidence. In all cases, a 10 nm planar
layer of CuPc was deposited prior to GLAD growth. The images of Culc
films in Figure 2.7 were taken with a JEOL 6301F field emission SEM, while
all other images were acquired via a Hitachi S-4800 field emission SEM.
Absorbance data was acquired as the negative logarithm (base 10) of the
transmittance spectrum from a Perkin Elmer Lambda 900 UV/VIS/NIR
spectrophotometer. XRD spectra were collected by Michael Fleischauer using
a Bruker D8 diffractometer equipped with a Cu source and area detector.
Diffractometer instrument resolution was determined by collecting patterns

from macroscale crystals of purified CuPc.

2.3. Results and Discussion
2.3.1. Basic GLAD CuPc films

Examples of CuPc thermally deposited at normal incidence (o = 0°) on
PEDOT:PSS coated ITO/glass substrates after 50 and 100 nm of growth are
provided in Figure 2.7a and 2.7b, respectively. In both cases substrate rotation
was employed at a rate of one rotation per 10 nm of growth to ensure
uniformity across substrates. At both thicknesses the surface morphology is
characterized by a slight roughness but overall is quite smooth. Basic GLAD
structures grown at o = 85° using continuous rotation are shown in Figure
2.7c and 2.7d, respectively. In each case the substrate completed 10 rotations
during deposition, at a constant rotation rate. The resulting structures exhibit
a significant increase in surface area over the planar films of comparable

thickness. As the GLAD films grow, random variations in column height lead
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Il 100 nm

Figure 2.7  Planar and GLAD CuPc thin films grown on PEDOT:PSS coated ITO.
(a,b) planar films grown to 50 and 100 nm. (c-f) GLAD films grown
with a vertical post substrate motion algorithm at o =85° (c,d) and o =
75° (e,f). Film thicknesses of (c-f) are 40, 100, 300, and 1000 nm.

to some columns being blocked from the incident flux while others tend to

widen, leading to larger features. Hence, the difference in feature size
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between the films shown in Figure 2.7c and 2.7d can be attributed to the
difference in thickness (40 versus 100 nm). This broadening effect is amplified
significantly as the films grow thicker, as shown in Figure 2.7e and 2.7f.

CuPc films grown at a = 75° to thicknesses of 300 and 1000 nm are
shown as Figure 2.7e and 2.7f, respectively. In both cases the substrate was
continuously rotated with one rotation per 100 nm of growth. At a film
thickness of 300 nm the CuPc features already reach diameters of up to 200
nm (much larger than that desired for use in OPV devices). The 1 um thick
film exhibits even further column broadening; here the surviving post
structures grew to hundreds of nanometers in diameter. This effect is
undesirable from an OPV device perspective, but is included to provide a
more complete picture of how CuPc behaves within the GLAD regime, and
also to illustrate the power of the technique used to constrain this broadening
(described in the following section).

Thin film deposition without substrate motion, also known as oblique
angle deposition (OAD), is convenient from a manufacturing perspective and
was therefore used to fabricate a variety of slanted post (SP) CuPc film
morphologies. Some key results are shown in Figure 2.8 which explicitly
highlights the effect of a on film porosity. The film grown at o = 60° is very
dense and leaves little opportunity for the penetration of a filling material
that would complete a photovoltaic device. Interestingly, films grown in this
manner but at only a 20 nm thickness have been used to significantly improve
photovoltaic device performance compared to a planar device architecture
[190]. Thus, further device improvement may be possible if the improvements
due to structuring are maintained while moving to thicker films with greater
light absorption. A more porous and columnar film is achieved when o = 75°,
as seen in Figure 2.8b and 2.8d. Interestingly, here the surviving features
branch out into multiple threads approximately 30 nm in diameter, indicating
that CuPc has a natural tendency to form thin nanorods. Thus, the challenge
is to fabricate uniform films of these nanorods that are equally spaced and a
few hundred nanometres in length. Slanted post films were grown from o =

75° to 85°; higher angles resulted in greater porosity with more severe column
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Figure 2.8 Side and top views of CuPc slanted posts grown on Si to (a,c) 240 nm
thickness at o = 60° and (b,d) 700 nm thickness at o = 75°.

broadening. The films grown at a = 75° exhibited the best balance between
increased porosity and limited broadening, and were therefore used as the

starting point for the improvements described in the following section.

2.3.2. Controlling broadening: ¢-sweep

Slanted post morphologies were grown at a. = 75° to thicknesses of 160
nm and 280 nm, as shown in Figure 2.9a and 2.9b, respectively. In both cases
there is a large variance in post shape and diameter. Some surviving posts
maintain the minimum post diameter of 30 nm throughout their growth
while others exhibit significant broadening. In an effort to control this
broadening and achieve greater uniformity throughout the film, the ¢-sweep

technique is used. As seen in Figure 2.9¢, this technique yields a remarkably
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Figure 2.9

CuPc thin films grown on PEDOT:PSS coated ITO at o = 75° with and
without ¢-sweep algorithms. (a,b) Slanted posts grown with no
substrate motion to thicknesses of 160 nm and 280 nm. (c) 370 nm
thick film of slanted posts grown using ¢-sweep with y = 30°. Note
that the films in (b) and (c) were grown to the same thickness as seen
by the crystal thickness monitor in the deposition chamber. (d) 340 nm
film of vertical posts grown via serial bideposition (y = 90°). Both (c)
and (d) were grown with a ¢-sweep frequency of one cycle per 6 nm
of growth.
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Figure 2.10 Absorption data for various planar and slanted post CuPc films.

improved CuPc film structure with reduced average column diameters and
greater overall film uniformity. This film was grown with y= 30° and a
frequency of one full sweep cycle per 6 nm of film growth.

Depending on the amplitude of the shift in ¢, denoted by y, the tilt
observed in the posts will also be affected. As y is increased the posts become
less slanted until at y = 90° the posts are completely vertical — a case known as
serial bideposition (SBD) [203]. At a low sweep frequency the result will be
zigzag structures, while at a sufficiently high sweep frequency vertical posts
will form. Therefore, this technique offers the ability to construct vertical post
films without continuous rotation, which may be advantageous from a
manufacturing perspective. An example result of this technique is shown in
Figure 2.9d.

The optical absorption characteristics of these films provide further
insight into the porosity enhancements achieved by structuring. The
absorption data from various slanted post and planar CuPc films are
compared in Figure 2.10. There are 3 groups of curves present. The 100 nm
planar film exhibits comparable absorption to the 280 nm slanted post film
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Table 2.1  Optical packing fractions and grain sizes for various CuPc films.

Film thickness (nm) o y  Optical packing fraction Grain size (nm)
20 0° 0° 1.00 18+1
100 0° 0° 1.00 50 + 10
240 60°  0° 0.83+0.05 34+4
30 75°  0° 0.65+0.08 14+1
160 75°  0° 0.32+0.02 24 +2
280 75°  0° 0.31+0.03 24+2
370 75°  30° 0.25+0.02 29+2

and the 370 nm slanted post ¢-sweep film, which suggests that these films
contain approximately the same amount of CuPc material. Scattering effects
of the GLAD films were neglected, as they typically become significant only
for thicker films at higher deposition angles (near 85°) [204-206].
Furthermore, the GLAD films appeared clear and pristine, with no indication
of cloudiness due to scattering. Therefore, the 370 nm slanted post ¢-sweep
film (Figure 2.9c) can be thought of as a rearrangement of the 100 nm planar
film occupying nearly 4 times the volume, yielding an effective density (or
packing fraction) of 0.25. This density is comparable to that expected from
theory [207] and observed previously in inorganic GLAD films [206]. In
addition, the ¢-sweep technique succeeded not only in improving the
uniformity of the 280 nm slanted post film, but increasing the porosity as
well, as indicated by the increase in thickness. Similarly, the 50 nm planar and
160 nm slanted post films have comparable absorption, as do the 20 nm
planar and 30 nm slanted post films, as expected. Evidently, even for very
thin films the absorption data identifies a significant difference between
planar and structured CuPc films. An understanding of the degree of porosity
enhancement achieved in these GLAD films can be gathered from the films’
packing fractions, as summarized in Table 2.1. The packing fraction of each
film is calculated as the ratio of the optical density of the GLAD film to that of
a planar film with comparable absorption (which is defined to have a packing
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Figure 2.11 XRD data for various planar and GLAD CuPc films. All non-planar
films were grown at a = 75° unless otherwise specified. Inset: an
example of the curve fitting model used to calculate grain size.

Calculated grain sizes are listed in Table 2.1.

fraction of 1). The optical density is calculated as the integration of the
absorption curve divided by the film thickness. As such, a low packing
fraction represents a higher porosity GLAD film and a high packing fraction
represents a denser film.

As expected, the film grown at a = 60° exhibits the highest packing
fraction due to its low porosity, as seen in Figure 2.8c. The 30 nm film grown
at a = 75° has increased surface roughness compared to a planar film, but a
high packing fraction is observed in this case as well because columnar
structures are not yet fully formed. Films with more developed columnar
morphologies (the 160 nm and 280 nm thick films) exhibit a lower packing
fraction that is more characteristic of GLAD films. When ¢-sweep is
introduced (the 370 nm film), an even lower packing fraction is achieved. This
is likely due to more uniform growth of individual columns with less column

broadening, which results in a higher column survival rate and an increased
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tinal film thickness.

XRD spectra from various planar and GLAD CuPc films are shown in
Figure 2.11. Each pattern was fit using a two peak model based on Gaussian
peak shapes corresponding to the (001) and (110) a-CuPc peaks at ca. 6.8 and
7.2° scattering angles, respectively [96,208,209]. An example fit is provided as
the inset to Figure 2.11. Grain sizes listed in Table 2.1 were calculated using
the Scherrer equation assuming spherical crystallites; grain size uncertainty is
the result of measured peak widths for the sample and instrument resolution.
Listed grain sizes of GLAD films are likely underestimates since the films
exhibited strong texturing normal to the substrate and are columnar in
nature, but the overall trends are valid.

In general, the grain sizes are limited by the smallest film feature
dimension. For planar films the grain size is limited by the thickness, whereas
for GLAD films it is limited by the column diameter. Distinct columns (found
in the thicker films when a > 70°) lead to grain sizes in the range of 25 nm, a
significant fraction of the column diameter. This implies that each column is
composed of relatively few grains, which will encourage efficient exciton
diffusion and charge transport [79]. Of particular interest is the 370 nm ¢-
sweep film, which exhibited a slight increase in grain size relative to other
GLAD films of comparable thickness. Therefore, the ¢-sweep technique
succeeded in improving both film uniformity (as discussed above) and film
crystallinity, providing strong merit for the utilization of this technique.

Evidently, GLAD and the ¢-sweep technique are very effective at
tailoring the morphology and resulting porosity of CuPc films while
maintaining comparable crystallinity to planar morphologies. All film
morphologies discussed in this section were grown on PEDOT:PSS coated

ITO substrates, making them amenable to OPV device fabrication.

2.3.3. Nanostructured ZnPc films via GLAD

Thin films of ZnPc were also grown under several sets of conditions by
varying o and the film thickness, and using ¢-sweep. In Figure 2.12, a planar

ZnPc film is compared to various slanted post GLAD films grown at different
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Figure 2.12 Aerial and cross-sectional views of various planar and slanted post
(SP) ZnPc thin films. The angle of incidence (o) is shown in each case.
The substrates in each case are (a,b) Si and (c,d) PEDOT:PSS coated
ITO.

a values, which illustrates the effect of o on morphology. The film porosity
increases with a, as expected due to increased shadowing. With the exception
of the film in Figure 2.12b, which was grown with no substrate motion, a ¢-
sweep substrate motion program was used to grow each GLAD film, with y =
30° and one full sweep cycle per 4-5 nm of growth.

Ideally, the donor layer morphology would have columns with
diameter close to that of its exciton diffusion length (15nm for ZnPc [72]),
with a thickness or length of around 200 nm [73]. The films shown in Figure
2.12c and 2.12d begin to mimic this arrangement and are grown to even
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greater thicknesses while maintaining relatively uniform average column
diameters. Unsurprisingly, GLAD-structured ZnPc and CuPc appear to be

very similar.

2.4. Summary

An optimization of nanostructured CuPc and ZnPc thin films suitable
for use in OPV devices was performed, utilizing the various techniques
available within the glancing angle deposition process. Columnar structures
were formed from tens to hundreds of nanometers in length with strong
control over column diameter and spacing. Column broadening was shown
to be a significant challenge for films beyond 100 nm in thickness, but was
mitigated by use of the ¢-sweep technique. This technique enables the
formation of nanostructured MPc films that are engineered for the short
exciton diffusion lengths inherent to these materials. The methods described
in this chapter illustrate the strong potential that the GLAD technique holds
for direct and controllable fabrication of ideal geometry OPV devices. To add
additional control over nanostructured MPc film morphologies, surface
patterning techniques are used to pre-define column diameters and spacing,

as discussed in the following chapter.
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3.1. Introduction

As mentioned in Chapter 1, the ideal OPV active layer heterojunction
is an interpenetrating network of donor and acceptor materials that maintains
clear conducting pathways to the electrodes. Columnar films of donor or
acceptor materials are needed to build this heterojunction, with column
diameters that closely match the exciton diffusion length [73]. Chapter 2
showed how the GLAD technique can be used to create columnar films of
MPc materials to form the donor layer of an ideal heterojunction. However, a
columnar morphology is only part of the challenge; ideally, the columnar
array would exhibit periodicity as well, with tightly packed and equally
spaced nanocolumns [73]. This chapter describes how surface patterning can
be used to introduce order and periodicity into columnar GLAD MPc films, to
further approach the ideal morphology.

Nucleation sites for GLAD film growth are randomly distributed when

grown on a planar substrate, and shadowing determines which features

Substrate Seeded substrate

S -l

l GLAD film i Seeded GLAD film

Figure 3.1 GLAD film growth on seeded vs. unseeded substrates.

Portions of this chapter were reproduced from [145] with permission from SPIE,
and from [159] by permission of The Royal Society of Chemistry (RSC). 37
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Figure 3.2 Seeded GLAD films: (a) archetypal square spiral photonic crystal

accomplished using electron beam lithography substrate seeding, and
(b) a pseudo-ordered chiral TiOx film accomplished using block
copolymer substrate seeding. Panel (b) adapted with permission from
[210], © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

continue to grow as the film thickens. By seeding the substrate prior to
deposition, the growth sites can be predefined in order to encourage a
particular morphology. The spacing and pattern of the seeds can be
manipulated to tailor the characteristics of the resulting GLAD film, such as
post diameter, spacing, and periodicity. Periodic seed patterns lead to
periodic films, with improved uniformity, as illustrated in Figure 3.1. This
concept has been demonstrated previously (see Figure 3.2), primarily for
optical purposes [185,188,189,210,211]. Even without GLAD, donor layer
films grown on a patterned surface can lead to higher active layer interface
area, as illustrated in the right hand column of Figure 3.3. With GLAD, this
technique could yield a truly ordered, ideal heterojunction, as illustrated in
the left hand column of Figure 3.3.

This chapter investigates the ability of surface patterns to control the
columnar dimensions of metal phthalocyanine (MPc) films deposited with
GLAD. Conventional surface patterns from electron beam lithography
[185,188,189] are used as a starting point, but emphasis is placed on the block
copolymer (BCP) patterning method [212-219] due to its superior potential
for low-cost manufacturing and the suitability of its patterns for OPV. In this
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Figure 3.3 OPV device concepts using seeded donor layers. The blue layer is an
MPc film, the orange layer is the acceptor layer (PCBM) and the dark
grey layer is the cathode. An ordered activer layer structure with high

interface area can be achieved with both planar and GLAD films.

process, a BCP film is applied to a surface via spin coating, after which the
film polymerizes and the two polymers segregate naturally (see Figure 3.4).
One of the polymers will often assume a distinct pattern, and solvent
annealing can be used to encourage the formation of different patterns. After
polymerization, the patterned polymer is metallized by bathing the film in an
acidic solution containing metal ions. The polymers are then both removed by
oxygen plasma, leaving a metallic pattern on the surface. The fingerprint and
dot patterns seen in Figure 3.4c and 3.4d are the most common patterns made
with the block copolymer technique. Dot patterns are particularly useful for
seeding GLAD films. The spacing between dots (also referred to as “seeds”)
can be controlled by varying the weight ratio of the two blocks in the block
copolymer. Variations in film thickness and seed spacing are used in this
chapter to identify the geometrical limits of ordered MPc film morphologies.
Efforts towards patterning ITO and developing a patterning process
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Figure 34 Illustration of the block copolymer patterning process: (a) block
copolymer structure, (b) spin coating and polymerization process, (c)
example of a fingerprint pattern, and (d) example of a dot pattern.
Panels (a-c) were adapted by permission from Macmillan Publishers
Ltd: (Nature Nanotechnology) [215], copyright (2007).

compatible with OPV device fabrication are also shown.

3.2. Experimental Details
3.2.1. Substrates

Electron beam lithography seed patterns were fabricated by Mark
Summers by spin-coating Fox-12 Flowable Oxide (Dow Corning) onto a Si
wafer at 2000 rpm and exposing at 5 kV in a RAITH 150 EBL instrument
(RAITH GmbH). BCP patterns were provided by Nathanael Wu, and were
also deposited primarily on Si substrates. Prior to the deposition of BCP, the
substrates were cleaned in oxygen plasma at 300 mTorr for 3 minutes. The

substrates were then spin coated with a 1.5% w/w solution of BCP in toluene
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to create a BCP film of approximately 50 nm. To create different dot spacings,
two different sizes of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP)
were obtained from Polymer Source and used for the BCP: M = 66.5 kg/mol
and Mhn = 183.5 kg/mol. The substrate was then placed in a sealed chamber in
the presence of tetrahydrofuran solvent vapor to induce self-assembly into
regular dot patterns. To fill the P2VP dots with platinum, the samples were
then immersed in a solution with HCI (0.9%, aq) and Na:PtCls (10 mM, aq) for
3 h before being thoroughly rinsed with water and dried. An oxygen plasma
was then applied to the samples at 50 mTorr and 30 W for 25 s to remove the
BCP film and to reduce the metal salt into solid metal structures. Dot spacings
that resulted from these two polymers were typically 40 nm and 60 nm. Films
were deposited on ITO and PEDOT:PSS coated ITO substrates as well, for
comparison to seeded films. ITO was cleaned with oxygen plasma, and
PEDOT:PSS (Clevios P VP Al 4083) was spun for 30 seconds at 4000 rpm, and
then baked at 80°C for 10 min.

3.2.2. Film deposition

Films were deposited with CuPc and ZnPc (Sigma-Aldrich) in a typical
two-motor GLAD apparatus with a throw distance of 34 cm. Planar films (i.e.
a = 0°) and vertical post (VP) GLAD films were deposited with continuous
substrate rotation. The ¢-sweep technique described in Chapter 2 was used
when depositing slanted post (SP) GLAD films. A shift angle of y = 30° was
used in all cases except for the electron beam seeded sample, with a full
sweep cycle occurring approximately once per every 5 nm of film growth. All
GLAD films were deposited at o = 80° unless otherwise stated, and were
preceded by a 5 nm planar layer deposited at a. = 0°.

3.3. Results and Discussion

3.3.1. Conventional seeding

Seeded GLAD films are most commonly accomplished using Si wafers
patterned with electron beam lithography. As such, it was logical to follow
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A ,
EN100 nm EN100 nm

Figure 3.5 Oblique (a) and side (b) views of a GLAD CuPc film grown at a = 80°
with ¢-sweep (one sweep cycle per 4 nm of film growth, with y =
26.5°) on a seeded Si substrate. The square seed pattern (c) was made

with electron beam lithography and had a seed spacing of 250 nm.

the same procedure as a first demonstration for CuPc, which is shown in
Figure 3.5. Here, seeds were arranged in a square lattice pattern with 250 nm
center-to-center seed spacing, as seen in Figure 3.5c. The ¢-sweep technique
was used for the CuPc deposition, with y= 26.5° to provide the optimal
shadowing geometry of the seeds during deposition [189]. The CuPc material
conformed well to the periodic seeding pattern, yielding a very uniform
array. However, though this seed spacing is relatively small compared to
previous works [185,188,189], it is far too large to be relevant to OPV devices.
In addition, electron beam seeding techniques are impractical from a
manufacturing perspective, as they are expensive, slow, and cannot be
applied over large areas. Nevertheless, this demonstration is enough to
suggest that MPc films adhere well to surface patterns.

3.3.2. Block copolymer seeding

To accomplish seeded MPc films with a more ideal spacing, the block

copolymer method is employed. Hexagonal patterns of platinum seeds on Si
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Figure 3.6  Vertical post (VP) ZnPc films of various thicknesses on seeded Si vs.
bare Si. Seeded substrates were fabricated using block copolymer
surface patterning techniques.

were made with approximately 40 and 60 nm spacing. Vertical post (VP)
ZnPc GLAD films were grown on these seeded substrates, as well as on bare
Si, which are shown in Figure 3.6. In all cases, a 5 nm planar layer was
deposited prior to moving to higher deposition angles for the GLAD portion.
Three different GLAD film thicknesses were grown, between approximately
10 nm and 70 nm, to observe the evolution of the films as they grow. The
films adhere very well to the seed patterns in the initial stages. As the films
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Figure 3.7  Slanted post (SP) ZnPc films on seeded Si vs. bare Si. The inset images
in (g-i) are taken orthogonally to each other.

grow thicker, competition between features causes some of the film features
to outgrow the others, and the morphology strays from the pattern. When the
film grows thicker than the seed spacing, the morphology is virtually
indistinguishable from the one grown on a bare Si substrate.

To mitigate the pattern loss, the same set of films were grown using
the ¢-sweep substrate motion technique, which are shown in Figure 3.7.
These films were deposited at the same deposition angle, and received the

same amount of incident vapor flux as the corresponding films in Figure 3.6;
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A W 100 nm

Figure 3.8 Top (large image), side, and oblique views of various CuPc (a-d) and
ZnPc (e,f) films deposited at o = 85° (a,b) and o = 80° (c-f) onto bare Si
(top row: a,ce) and seeded Si (bottom row: b,d,f). All depositions
utilized a ¢-sweep substrate motion program with y = 30° and 60 full
cycles (one cycle per 4~5 nm of growth). In addition, each film
received an equal amount of incident vapor flux as seen by the CTM

in the deposition chamber.

the only difference was the substrate motion during deposition. In these
cases, although the pattern resemblance still fades as the films grow, the
survival rate of individual columns and pattern fidelity in the thickest films
(3.7h and 3.7i) are slightly better than in the corresponding films in Figure 3.6.
Film uniformity improves and the overall film thickness increases as a result
of a more uniform distribution of material. There is less bridging between
individual columns and therefore a higher column density, making them
highly attractive from an OPV device perspective. These effects are further

investigated in the following section for much thicker films.

3.3.3. Extended growth of BCP-seeded GLAD MPc films

GLAD CuPc films were deposited on both bare and seeded Si
substrates at o = 80° and 85°. In all cases the ¢-sweep technique was also
employed with y = 30° and a frequency of one full sweep cycle per 5 nm of
film growth. One zinc phthalocyanine (ZnPc) film was also grown for
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Table 3.1 Film thicknesses and column densities for seeded and unseeded MPc
films under different growth conditions.

Substrate Material “ Film thickness Column <:12en51ty
(nm) (hm??)
bare Si CuPc 85° 265+15 38+1
seeded Si CuPc 85° 320 +20 51+3
bare Si CuPc 80° 280+18 58+3
seeded Si CuPc 80° 305+10 74 +4
bare Si ZnPc 80° 170 + 12 88 +4
seeded Si ZnPc 80° 260+ 16 102+3

comparison, with the same deposition conditions as the CuPc film at o = 80°.
These films are all displayed in Figure 3.8 and the film thicknesses and
column densities are summarized in Table 3.1. In all cases, the seeded
substrates encouraged a higher column density and thinner columns. Overall
film thicknesses were increased with the seeded substrates, due to the limited
broadening, improved column uniformity, and decreased intercolumn
spurious growth. Keeping in mind that the films on both the seeded and
unseeded substrates were fabricated in the same deposition (for each o
value), this thickness increase may be interpreted as the result of material
being distributed more uniformly throughout thinner, longer columns. The
effect of o on film porosity is also evident when comparing these films: higher
a results in a more porous film, as expected. In addition, Figure 3.8b clearly
illustrates the competition between features that occurs during growth, as
there are many small posts visible within the depth of the film. Interestingly,
the seeded ZnPc film contained columns of even smaller diameter than the
CuPc film grown under the same conditions (Figure 3.8d vs. 3.8f). Thus, it
appears that having an array of seeds denser than the natural column spacing
sets up competition between seeds that determines a unique structure for
each material and deposition angle.

The morphologies of CuPc and ZnPc observed at o = 80° on the seeded
Si substrate are certainly most ideal from an OPV device perspective, as they
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b) Seeded Si

Figure 3.9  Thin GLAD ZnPc films on various substrates (denoted in the image).

contain dense arrays of uniform columns that are mostly restricted to
diameters of 50 nm or less (this is comparable to the exciton diffusion length
in these materials). Restricting the column diameters to these dimensions is
critical for maintaining a low average distance between the point of exciton
generation and the D/A interface (where dissociation occurs). It is significant
to observe the degree to which the film morphology can be influenced — and
therefore manipulated — through substrate seeding. This provides motivation
for further exploration in this area and for adapting the technique to be
compatible with OPV device fabrication.

3.3.4. Towards device compatibility

A morphology comparison between substrates that are more relevant
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a)
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Figure 3.10 Pt seed patterns on ITO compared to Si, and Pt vs. SiO2 seed patterns

on Si.

to OPV device fabrication is shown in Figure 3.9. Here, a 50 nm thick GLAD
ZnPc film was deposited on Si, seeded Si, ITO, and PEDOT:PSS. Again, a
variety of morphologies are achieved, and the seeded substrate presents a
perfectly ordered film in contrast with the disordered films on other
substrates. This perfectly periodic columnar morphology is unlike any other
achieved with these materials to date. The challenge, then, is to produce this
ordered morphology in a way that is compatible with OPV device fabrication.
So far, all the BCP-seeded MPc films have used Pt seeds on Si. For OPV
device integration, a seeded anode material is required, for example ITO. In
addition, an insulating seed material is desired to avoid interfering with the
energy band structure of the device, shown in Figure 1.7. This way, charge
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collection can occur as usual, with charges from the active layer flowing
around the seeds to reach the anode.

The same seeding routine was performed on ITO as for Si, which is
shown in Figure 3.10b. The pattern is similar to the one on Si, with slightly
bigger seeds. In addition, a pattern of SiO: dots was created on Si, as seen in
Figure 3.10d. Here, a polystyrene-block-polydimethylsiloxane (PS-b-PDMS)
polymer was used instead of PS-b-P2VP. After the solvent vapor treatment,
this film was immediately treated with a short CFs plasma at 100 mTorr and
50 W for 10 s followed by an oxygen plasma at 50 mTorr and 30 W for 30 s.
Efforts towards achieving SiO: patterns on ITO and developing an ITO
cleaning procedure that does not compromise the pattern are ongoing. These

steps would enable integration into devices.

3.4. Summary

This chapter demonstrates the periodic arrangement of columnar small
molecule thin films via glancing angle deposition on block copolymer seeded
substrates. A variety of GLAD ZnPc films were grown on hexagonal seed
patterns with 40 nm and 60 nm seed spacing, and the ¢-sweep technique was
used to maintain film uniformity and high column densities as the films
grow. Control over the columnar dimensions and spacing enables an
approach towards the ideal donor layer geometry for OPV devices. An SiO2
seed pattern and a seeded ITO film were also shown to demonstrate the

feasibility of device integration.
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4.1. Introduction

As mentioned in Chapter 1, various methods have been used to
structure donor films for ideal OPV architectures [90,103,168,169,171-175]. In
these cases, solution-based methods are often used to fill the donor film with
an acceptor material. Understanding the solvent-film interactions during this
processing is important. A certain degree of attraction between the donor film
and the acceptor solution is necessary to enable filling the donor film at all,
but a high solubility would wipe out the structural benefits being introduced.
Solvent effects can even be exploited to encourage desirable donor layer
morphologies, as shown in other studies that were done concurrently with
those of this chapter [103,171-175].

The most common acceptor in small molecule devices is Ceo — or the
soluble form, PCBM — which is commonly dissolved in chlorobenzene (CB) or
1,2-dichlorobenzene (DCB) for film casting. Solvent choice and solution
concentration have been shown to be critical factors for polymer OPV device
performance [220-222] due to the variation in nanocrystalline domain sizes
that occurs in each case. This warrants an investigation of the interaction
between these organic solvents and MPc thin films used in small molecule
OPV devices.

This chapter investigates the effects of CB, DCB, and other solvents on
CuPc and ZnPc thin films. Most of the work involves direct application of the
solvents to the films, in the absence of PCBM. This is done to identify the
relative sensitivities of CuPc and ZnPc to these solvents, and to exaggerate
the effects so that changes to the films’ properties are detectable. Several
factors related to solvent recrystallization of MPc films are evaluated,
including solvent type, substrate type, exposure time, temperature during

exposure, and the amount of material present in the original film. Various

1Portions of this chapter were reprinted from [177], Copyright (2011), with
permission from Elsevier. 50
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MPc film morphologies are used, many of which were GLAD films. For
longer exposure times, films are recrystallized dramatically, with the final

morphology bearing no resemblance to the original.

4.2. Experimental Details

Substrates used in this chapter were either (100) Si wafers (Evergreen
Semiconductor Materials Inc.), ITO on glass (8-12 Q/o, Delta Technologies), or
ITO coated with a thin layer of PEDOT:PSS (Clevios P VP Al 4083). ITO was
cleaned via sonication in IPA followed by exposure to oxygen plasma.
PEDOT:PSS was applied undiluted, spun at 4000 rpm for 30 seconds, and
baked at 80°C for 10 min in air.

CuPc and ZnPc were acquired from Sigma-Aldrich and were purified
via thermal gradient sublimation at 400°C. All thin films were deposited at
high vacuum (< 2 x 107 Torr) in a GLAD apparatus with a throw distance of
34 cm. Unless otherwise stated, films were grown by using a source
temperature of 390 ~ 400°C resulting in a deposition rate of 0.7 A/s at normal
incidence. All GLAD films were preceded by a 10 nm planar layer grown at
normal incidence immediately prior to GLAD deposition. All GLAD films
described here are slanted post (SP) films made using the ¢-sweep substrate
motion technique described in Chapter 2. When using the ¢-sweep technique,
a substrate rotation angle of y = 30° was used, with one full sweep cycle per 4-
5 nm of film growth, unless otherwise stated.

Solvent-treated films were achieved by either placing 4 drops (~ 200
uL) of solvent on the film surface from a glass pipet and either spinning the
solvent off at 1000 rpm (spin treatment) or letting the solvent volatilize under
ambient conditions (drop treatment), or by bathing the film sample in 5 mL of
solvent in a glass petri dish for 10 minutes and then allowing the solvent to
volatilize off the film under ambient conditions after removal from the bath
(soak treatment). The drop and soak treatments resulted in very similar
recrystallized film morphologies.

Images were acquired using a Hitachi 5-4800 field emission SEM. Film
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absorbance was calculated as the negative logarithm (base 10) of its
transmittance spectrum, which was acquired using a Perkin Elmer Lambda
900 UV/VIS/NIR spectrophotometer.

XRD spectra were collected by Michael Fleischauer using a Bruker D8
diffractometer equipped with a Cu source and scintillometer using 1.0 mm
antiscatter and 0.6 mm receiving slits. Diffractometer calibration and
resolution was determined using a silver behenate reference standard. XRD
peak fits were performed with gnuplot 4.4 using pseudo-Voight peak shapes
and linear backgrounds between 5.5 and 8.1° scattering angle for patterns
collected using theta / two theta geometry. Detector resolution was
determined to be 0.21° FWHM,; uncertainty in peak position was + 0.04°.

For depth profiling, ZnPc films were coated with PCBM (American
Dye Source). A 30 mg/ml solution in either CB or DCB (Sigma-Aldrich) was
applied, and spun in air for 30 seconds at 1000 rpm. Depth profiling was
performed via secondary ion mass spectrometry (SIMS), by alternating
sputtering and analysis processes using a ToF SIMS IV instrument (ION-TOF
GmbH). A chopped 25 keV Bi* ion beam with a current of 0.7 pA was used as
the primary source to analyze an area of 40x40 um? while O2" was used as the

sputtering source, operated at 1kV/55nA over a crater area of 200x200 um?.

4.3. Results and Discussion
4.3.1. Solvent effects on very thin MPc films

The most common MPc films used in OPV devices are very thin (~ 20
nm), with very little surface morphology. First experiments were therefore
performed on these thin layers, which were grown on bare Si in order to
isolate the solvent effects on MPc layers from effects on neighbouring layers
(PEDOT:PSS for example). Spin treatments were performed, where the
solvent was immediately spun off the substrate after application, to replicate
device fabrication routines. A drop treatment was also done, which allows
more time for film restructuring and is used to investigate the recrystallized

film features that are possible through solvent exposure, similar to what has
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Figure 4.1 Effects of chlorobenzene exposure (short spin treatments, or long drop
treatments) on thin planar and GLAD MPc films.

been done elsewhere [103,171-174]. Some examples of thin CuPc and ZnPc
layers treated with chlorobenzene (CB) are shown in Figure 4.1. For CuPc, the
brief spin treatments do very little, though a few small crystals were still able
to form. During the extended exposure of the drop treatment, the crystals on
the surface are able to grow much larger, and many more crystals are formed.
The ZnPc film appeared much more sensitive to the solvent, with significant
surface morphology changes occurring even with only the short spin
treatment. For the drop treatment, the material is completely reorganized,
with the bare Si surface being revealed in many areas and disordered
residues lying elsewhere. Evidently, even the subtle change in the metal atom
of the MPc molecule leads to substantial differences in the interaction
between the film and the solvent. Interestingly, the CuPc material appears to
form crystalline features as a result of solvent exposure, whereas the
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Figure 4.2 Effects of solvents (chlorobenzene and dichlorobenzene) on planar
and GLAD ZnPc thin films. The “spin” and “soak” labels denoted
short (seconds) and long (minutes) exposure times. Insets show a
more magnified view of the recrystallized structures. All these film

are on Si substrates.

restructured ZnPc material is quite irregular. It is significant to note that even
with very brief exposure, the film structure can be modified substantially,
particularly for ZnPc.

4.3.2. Changes to film properties as a result of solvent exposure

Though structural modifications are easy to identify in very thin films,
changes to the film properties due to solvent treatments are hard to detect.
Thicker films are used in this section to investigate changes to film
crystallinity and absorbance. A 65 nm planar ZnPc film and a 325 nm slanted
post (SP) GLAD ZnPc film, both grown on bare Si, are used here (see Figure
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4.2). The GLAD film was grown at o = 60°, without ¢-sweep substrate motion.
Spin and soak treatments using CB and DCB solvents were performed on
these films; the resulting morphologies can be seen in Figure 4.2. The films
exhibited a significant degree of recrystallization as a result of these solvent
exposures, with each combination of solvent treatment and ZnPc film
morphology yielding a unique recrystallized morphology. The planar film
surface can be roughened even with very short solvent exposure times, as
seen in Figure 4.2b and 4.2c. In this case, DCB appears to have a stronger
effect, suggesting that solvent choice may be a critical factor under device
fabrication conditions. A greater degree of recrystallization occurs for longer
exposure times, which leads to platelet formations (Figure 4.2d and 4.2e).
These were not apparent in the very thin films shown in the previous section,
likely due to an insufficient amount of material in the original film.
Interestingly, the platelet thicknesses closely match the exciton diffusion
length of ZnPc (15nm [72]), which would provide strong exciton dissociation
efficiency if the platelets were used in a donor-acceptor heterojunction. An
ordered arrangement of such structures could be expected to perform well in
photovoltaic devices. However, changes to the film properties were evident
after the solvent exposure, from both a crystallinity and absorbance
perspective, which makes their potential usefulness in an OPV device
questionable. The solvent-treated GLAD films also showed substantial
restructuring (see Figure 4.2g-j), and corresponding changes to the film
crystallinity and absorbance were observed.

The XRD data in Figure 4.3 shows the ZnPc films’ crystallinity changes
due to the solvent treatment. In all cases, the most prominent observed peak
was a (010), centered at ca. 6.82° scattering angle, consistent with what has
been observed previously for MPc films [41]. The a (010) peak intensity is
enhanced by the solvent treatment for the planar film, but decreases
significantly for the SP film. In both cases, the DCB-treated film showed a
higher a (010) peak than the CB-treated film. Interestingly, the a (001) peak,
centered at ca. 7.37° scattering angle, became much stronger in the SP film

upon solvent treatment with DCB.
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Figure 4.3  Effects of solvent exposure on the XRD spectra of ZnPc thin films.

The absorbance profiles shown in Figure 4.4 also reveal significant

changes in the film as a result of solvent exposure. Spin treatments did not

affect absorbance significantly, except for DCB on a planar film where a new

peak is observed in the 850 nm region. For the soak treatments, significant

changes to the Q band (500 ~ 800 nm) were seen, suggesting changes in film

composition in addition to the morphological changes. The photovoltaic

properties of some of these solvent textured films are investigated in Chapter

5. For now, it is significant enough to note that ZnPc films respond differently
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Figure 44 Effects of solvent exposure on the absorbance of ZnPc thin films.

to these two solvents, while being sensitive to both. To confirm that these
solvent effects are due to dissolution, the residual solvent from the soak
treatments were examined to identify dissolved material. Quantifying the

solubility of ZnPc in CB and DCB is the topic of the next section.

4.3.3. Solubility studies on ZnPc

The solvents from the baths used to soak-treat ZnPc films were
recovered and their absorbance was measured to identify dissolved material,
as shown in Figure 4.5. The absorbance of pure CB and DCB was used as the
reference in each case. Modest peaks in the 600 ~ 700 nm range are observed,
which resemble those seen previously for ZnPc in other solvents [223,224]

and for other MPc’s in solution [225-227]. These profiles are characteristic of
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Figure 45 Absorbance of a ZnPc thin film compared to ZnPc dissolved in CB
and DCB.

monomolecular phthalocyanine in solution [226]. Modest solubility of MPc
molecules has also been documented elsewhere [173,228]. The absorbance
profiles shown in Figure 4.5 were observed regardless of the original ZnPc
film morphology or substrate used in the soak treatment. The data shown is
from soak-treating a film on glass with an area of ~ 4.25 cm? and was obtained
using a standard 1 cm cuvette. Whalley determined the extinction coefficient
(¢) of ZnPc in pyridine to be 1054 M-'cm™ at 672 nm [229]. Based on the peak
heights of 0.12 and 0.25 for CB and DCB, respectively, this translates into
concentrations of 0.2 and 0.5 pg/mL. Though not significant enough to enable
solution casting of these materials, it certainly enables the recrystallization

effects that these solvents have on ZnPc films.

4.3.4. Solvent effects on device-relevant films and substrates

So far, all MPc films exposed to solvent treatments were deposited on
Si. Solvent effects on these films appear to be determined by the solvent type,
exposure time, and amount of original material in the film. When considering

MPc films deposited during device fabrication, the presence of other
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Figure 4.6  Effects of various solvent annealing conditions on a planar ZnPc film

(on bare ITO). Insets contain less magnified views of the recrystallized

films, which show the spatial density of recrystallized features.

materials comes into play. Specifically, a thin layer of PEDOT:PSS lies
underneath the MPc layer; if exposed and dissolved by the solvent, it could
affect the recrystallization process and the composition of the residual film.
Additionally, even in the absence of PEDOT:PSS, a bare ITO surface may
affect the film recrystallization process differently than Si. In the context of
OPV device fabrication, the exposure time to the solvent is very short and the
PCBM solution is nearly saturated, making the solvent less aggressive on the
films. Therefore, the presence of underlying PEDOT:PSS and ITO would
likely not have any consequences. Nevertheless, it is still worth investigating
for the purpose of creating different recrystallized MPc morphologies.

Shown in Figure 4.6 is a 50 nm planar ZnPc film, along with several
recrystallized versions of this film achieved with solvent treatments. Indeed,
the final morphology of these films is quite different than those seen on the Si
substrate. Here, the film forms rectangular crystals instead of the circular
platelets observed previously (Figure 4.2d and 4.2e). The exposure time was
further controlled in this set of films by means of covering and heating the

samples during exposure. The covered samples had longer exposure because
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the evaporated solvent remained in close proximity to the sample surface,
decreasing the evaporation rate. It is clear that these longer exposures led to
more significant recrystallization, and higher concentrations of crystallites
(Figure 4.6c and 4.6f). A mix of both rectangular and platelet crystallites are
present in these films. Again, DCB appears to be the more aggressive solvent
as it was able to etch the film off the ITO surface completely, revealing a bare
surface scattered with crystallites (Figure 4.6f). The heated samples had
shorter exposure times due to increased evaporation rates. Compared to the
covered samples, a lesser degree of recrystallization could be expected.
Indeed, the populations of larger crystals are below that of the covered
samples. However, the samples exposed at 100°C are comparable to the ones
at room temperature, at least when comparing the spatial density of larger
crystals. The difference here is that the higher temperature enabled more
rapid and complete dissolution of the film, as evidenced by the strong
presence of nanocrystalline material (Figure 4.6d and 4.6g). Thus, the material
that did not organize into large crystallites formed small ones instead, unlike
the samples at room temperature where the residual film appears to have
been undissolved and is left somewhat perforated (Figure 4.6b and 4.6e).
Though none of these films stand out as good candidates for OPV devices, the
fact that heat and exposure time can be used to influence the interaction
between solvents and MPc films is important to recognize. It is significant to
note that in all cases the DCB-treated films exhibited a greater degree of
recrystallization with a higher number of crystallites, which is consistent with
the higher solubility value calculated in the previous section.

Similar to polymer OPV devices, many MPc-based devices utilize a
PEDOT:PSS hole transport layer between the ITO and MPc layer, which may
turther influence solvent-induced film recrystallization. Some examples of
recrystallized planar and GLAD ZnPc films on PEDOT:PSS are shown in
Figure 4.7. A drop treatment was performed in both these experiments.
Again, there are substantial morphological changes to the films; the final
morphologies bear no resemblance to their originals, but are quite similar to

each other. These platelet formations are akin to those seen previously for a
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a) 50 nm planar ZnPc b) 270 nm GLAD ZnPc
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Figure 4.7 Planar (a) and GLAD (b) ZnPc thin films on PEDOT:PSS coated ITO,

and the recrystallized films after extended chlorobenzene exposure.

planar ZnPc film on Si (Figure 4.2d and 4.2e). A shorter GLAD film on
PEDOT:PSS is shown in Figure 4.8, along with its solvent-treated versions

(drop treatment). In the CB case, a mix of rectangular and platelet structures

N ot

i) G TN P A ~
- ""I100nm Rew L% @7 W 200 nm

aft .;)' o : b ’ : |
eV | f - 3
) J i 3 é i
{

M 500 nm

Figure 4.8 Effects of extended exposure to chlorobenzene and dichlorobenzene
on a thin GLAD ZnPc film (on PEDOT:PSS coated ITO).
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Figure 4.9 Effects of various solvents and exposure times on a planar CuPc thin
film grown on PEDOT:PSS coated ITO.

are formed, whereas DCB exposure leads to the formation of very large box
structures. Similar variations of these platelet and box structures have been
prepared before, albeit with radically different conditions [224]. Again,
neither of these recrystallized films are appealing from an OPV device
perspective, but the difference between the interactions of these two solvents
with ZnPc films is noteworthy.

Previous studies on solvent exposure of planar CuPc films have been
able to take advantage of recrystallized film morphologies to improve device
performance [172,173]. Attempts at reproducing these films are shown in
Figure 4.9, and though the film morphologies are indeed very similar to
published ones, improvements in device performance due to recrystallization
were never observed. In fact, solvent treatments decreased device
performance in all cases, which is discussed further in the following chapter.
Because much of this thesis is focused on nanostructured donor layers, the
effects of solvent exposure on GLAD-structured MPc films are also of great
interest. Some examples of solvent-treated GLAD CuPc are shown in Figure
4.10 (o = 80°) and Figure 4.11 (o = 85°), where short (spin) and long (drop)
exposure times are performed. The film deposited at o = 85° appeared to be
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Figure 4.10 Effects of various solvents and exposure times on a GLAD CuPc thin
film (slanted post profile, a = 80°) grown on PEDOT:PSS coated ITO.
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Figure 4.11 Effects of various solvents and exposure times on a GLAD CuPc thin
film (slanted post profile, a = 85°) grown on PEDOT:PSS coated ITO.

much more vulnerable to solvent exposure; the original columnar
morphology is flattened out in call cases, leaving only disordered heaps of
nanocrystals detached from the substrate. The film deposited at o = 80° was
able to withstand the solvent exposure a bit better. The spin treatments left
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Figure 4.12 Effects of various solvents on a GLAD CuPc thin film (a = 75°) grown
on PEDOT:PSS coated ITO.

the film with only marginal modifications, and the original orientation of
columnar features remains. The drop treatment, however, left the film
completely reorganized and detached from the substrate in most cases. The
acetone treatment is the exception; here the original orientation and slanted
post morphology are largely unaffected (Figure 4.10g). The acetone treatment
was found previously to be most useful for creating columnar film
morphologies from planar ones, but is unfortunately unable to improve the
morphology of GLAD films, leaving it of little use. All in all, the exposure of
GLAD CuPc films to these solvents appears to be detrimental to their
columnar morphologies, which raises concerns over the survivability of these
films in OPV device fabrication. Using a different PCBM solvent may solve
the issue, but the solvents that are least destructive to CulPc and ZnPc films
are also least able to dissolve PCBM.

Solvent treatments were performed on a GLAD CuPc film using
several other solvents, which are shown in Figure 4.12. In most cases the film
loses its original morphology, but ethanol and DMSO are least aggressive.
Unfortunately, these solvents are unable to dissolve an adequate amount of
PCBM to enable spin casting. Therefore, concerns remain over constructing
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an ordered active layer structure using solution filling of GLAD MPc films.
These concerns are addressed further in the following chapter. As a
preliminary note, PCBM-concentrated solutions make the solvents less able to
act on the MPc layer, which provides some optimism. The degree of
dissolution and material mixing between planar ZnPc and PCBM is analyzed

via ToF-SIMS depth profiling in the following section.

4.3.5. Active layer analysis of PCBM-coated planar ZnPc films

Most of this chapter has dealt with direct contact of pure solvents with
MPc films. This was done to identify the relative sensitivities of MPc films to
different solvents, as well as to pursue enhanced morphologies that may be
possible via solvent-induced recrystallization. However, direct contact
between pure solvents and MPc films is rarely encountered in a device
fabrication context. Much more relevant is the study of interactions between
MPc layers and PCBM solutions in different solvents, which has not been
studied before. This focus narrows down the list of possible solvents
significantly. The following study focuses on a simple comparison between
CB and DCB.

The compositions of bilayer ZnPc/PCBM active layers made by spin-
casting PCBM onto planar ZnPc, using either CB or DCB as the PCBM
solvent, are of great interest. The layer architecture studied here is as follows:
glass / ITO (120 nm) / PEDOT:PSS (30 nm) / ZnPc (20 nm) / PCBM (40 nm).
Depth profiles of these multilayer films were acquired via secondary ion mass
spectrometry (SIMS), and are shown in Figure 4.13. The ZnPc layer can be
identified by the presence of Zn, whereas C is found in both components of
the active layer and therefore does not distinguish between them. In the CB
case, Zn is well-confined to a particular region within the layer stack, and is
only observed far beneath the surface. The results are substantially different
when using DCB as the PCBM solvent, where Zn is not only broadly
distributed throughout the active layer, but even very present at the surface.
This suggests that the active layer becomes more of a mixed heterojunction

rather than a bilayer. The mixing that occurs between layers when using DCB
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solvent.

as the PCBM solvent provides a strong explanation for the differences in
device performance between using different solvents, which is further

discussed in the following chapter.
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Finally, it is surprising to see that in each case a significant amount of
indium is also present at the surface. Indium migration has been observed in
organic optoelectronic devices previously [34,230,231], and may provide an
explanation for the morphological differences between solvent-treated ZnPc

films on Si vs. ITO (Figure 4.2 vs. Figure 4.6).

4.4. Summary

This chapter contains several investigations on the effects of organic
solvents on thin MPc films of various morphologies. These MPc films show
considerable sensitivity to these solvents; in most cases the films are
completely restructured upon evaporation of the solvent. The final
morphology of these films is related to the type of solvent used, the exposure
time, the temperature during exposure, the original film thickness, and the
substrate underlying the MPc film. A variety of recrystallized film
morphologies are achieved, most of which exhibit rectangular crystals,
circular platelet structures, or a mix of these. The severity of these solvent
effects raises concerns over the survivability of GLAD MPc films in OPV
device processing, which are addressed further in the following chapter. The
final observation from this chapter is that the degree of material mixing in a
bilayer ZnPc/PCBM OPV device layout depends strongly on the PCBM
solvent used. This is used in the following chapter to optimize the active

layer, and consequently device performance.
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5 . OPV DEVICE OPTIMIZATION!

This chapter investigates various factors affecting small molecule OPV
device performance and degradation. Fabrication and testing routines are
standardized to ensure consistent, reliable results. The chapter concludes
with an optimized active layer achieved by introducing nanostructured ZnPc

and promoting donor-acceptor material mixing, as illustrated in Figure 5.1.

BCP + Al

-
2 »

planar ZnPc
PEDOT:PSS

50 nm H 50 nm

Figure 5.1 Illustration of nanostructured OPV device fabrication.

5.1. Introduction

Optimizing the active layer architecture of small molecule OPV device
is a topic of great interest [73,86,97,100,103,168,169,171-174,190,191,194].
Identifying improvements due to changes in the active layer can be
challenging, as it requires a thorough understanding of all the factors
affecting device performance. The importance of consistent processing
conditions has been emphasized elsewhere [232]. Even subtle differences in
processing conditions can adversely affect results, or, in some cases, provide
unexpected improvements [233].

A properly functioning OPV device requires the integration and

1Portions of this chapter were reprinted from [177], Copyright (2011), with

permission from Elsevier. 68



Chapter 5. OPV device optimization

optimization of several material layers. Making improvements to the active
layer requires an established comparison: a bilayer device which can be
routinely fabricated to provide consistent, reliable results. Organic materials
are often sensitive to ambient environments, particularly to oxygen,
humidity, and UV radiation. Exposure to these can lead to rapid degradation
of materials, films, and their properties, making it difficult to achieve
consistent, reliable results. From a commercial perspective, encapsulation is
relied upon to provide protection from the elements, which is becoming an
increasingly popular area of research [36]. This extra processing is impractical
on a small scale in research laboratories, where an understanding of the
relative vulnerabilities of the materials and their films, along with
appropriate care during processing, is sufficient to innovate in other areas to
improve performance.

Material quality, film aging, and film thickness all play important roles
in the operation of OPV devices. Many studies have been done on the
degradation of small molecule devices [35,36,39]. Much of this chapter
investigates the relative sensitivities of the device materials chosen in Chapter
1 (and shown in Figure 1.7). The PEDOT:PSS and MPc films are found to be
least sensitive to ambient exposure, whereas PCBM degrades very rapidly,
which lays a sense of urgency on all the fabrication processes that follow the
PCBM deposition. Section 5.5.4 then discusses the role that solvent effects
(discussed in Chapter 4) play in the construction of the active layer, and uses
this in combination with nanostructuring (discussed in Chapter 2) to optimize
the active layer of ZnPc/PCBM OPV devices. Optimal device performance is
achieved with a 30 nm thick GLAD-textured ZnPc film while using DCB as
the PCBM solvent. In this case, power conversion efficiencies are up to 3.0%,
compared to an average of 2.3% when using CB as the solvent on the same
film, and 2.3% also for bilayer devices when using DCB as the solvent. The
higher degree of material mixing at the ZnPc/PCBM interface, discussed at
the end of the previous chapter, may be the primary mechanism for the

photovoltaic improvements seen in these devices.
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5.2. Experimental Details
5.2.1. MPc thin film deposition and characterization

CuPc and ZnPc were acquired from Sigma-Aldrich and were purified
at least twice for all devices in section 5.5.4, via thermal gradient sublimation
at 400°C. All CuPc and ZnPc thin films were deposited at high vacuum (< 2 x
107 Torr) in a GLAD apparatus with a throw distance of 34 cm. Unless
otherwise stated, films were grown by using a source temperature of 390 ~
400°C resulting in a deposition rate of 0.7 A/s at normal incidence. All GLAD
films were preceded by a 10 nm planar layer grown at normal incidence
immediately prior to GLAD deposition, to prevent any direct contact between
the anode and the acceptor. All GLAD films described here are slanted post
(SP) films made using the ¢-sweep substrate motion technique described in
Chapter 2. Unless otherwise stated, the ¢-sweep parameters were y = 30°, with
one full sweep cycle occurring during every 4-5 nm of film growth.

Solvent-treated films were achieved by placing 4 drops (~ 200 uL) of
solvent on the film from a glass pipet and allowing the solvent to volatilize
off the film under ambient conditions (the drop treatment from Chapter 4).

Images were acquired using a Hitachi 5-4800 field emission SEM.
UV/Vis absorbance data was acquired using a Perkin Elmer Lambda 900
UV/VIS/NIR spectrophotometer. Absorbance was calculated as the negative
logarithm (base 10) of the transmittance spectrum.

5.2.2. OPV device fabrication and characterization

OPV devices were fabricated on anodes of ITO on glass (8-12 Q/0,
Delta Technologies), coated with a thin layer of PEDOT:PSS (Clevios P VP Al
4083). ITO was cleaned via sonication in IPA followed by an oxygen plasma
etch. PEDOT:PSS was applied undiluted, spun at 4000 rpm for 30 seconds,
and baked at 80°C for 10 min in air. Following ZnPc deposition, PCBM
(American Dye Source) was applied at 30 mg/ml in either CB or DCB (Sigma-
Aldrich), and spun in air for 30 seconds at 1000 rpm. The top electrode,
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consisting of 15 nm bathocuproine (BCP, Sigma-Aldrich) and 80 ~ 100 nm Al
(Lesker), was deposited through a shadow mask over 5 rectangular device
areas of 0.20 cm? each, in a glovebox evaporator. BCP was purified in the
glovebox evaporator by holding the crucible for half an hour at a temperature
just below the sublimation point of BCP. These standard fabrication routines
apply primarily to devices presented in section 5.5.4. Elsewhere, the
fabrication routines would similar.

Current-voltage characteristics of OPV devices were taken in air using
a Keithley 2400 source meter, under AM 1.5 G simulated irradiation (Oriel
91191 1000W). For the devices in section 5.5.4, light intensity was calibrated
against a KG5 filtered Si reference cell (PV Measurements, Inc.,, model
PVM624). Device performance numbers are usually reported as averages over
several (at least 5 ~ 10) devices. Uncertainties were calculated as the standard
deviation of each data set. A custom setup was used to measure the external
quantum efficiency (EQE) of some of the key devices in section 5.5.4. Here,
the test wavelength was controlled with a 0.25 m Czerny-Turner spectrometer
(Oriel MS 260i), using a 150 W Xe lamp (Oriel Photomax 60100 housing a
Oriel 6256 bulb) as the source. The incident power on the device was
monitored during testing using a traceable optical power meter (Gentec-EO,
PH100-Si), calibrated for target plane power. Device current was measured

using a Keithley 2400 source meter.

5.3. Bilayer Device

To provide context, an example of a bilayer OPV device is shown in
Figure 5.2, and its current-voltage curves are shown in Figure 5.3. The device
exhibits the following performance parameters: Js« = 3.70 + 0.15 mA/cm?, Voc =
0.61 + 0.01 V, FF = 0.57 = 0.03, and n = 1.36 + 0.08%. The layer structure,
beginning at the bottom, is glass / ITO (120 nm) / PEDOT:PSS (30 nm) / CuPc
(20 nm) / PCBM (40 nm) / BCP (15 nm) / Al (100 nm). This architecture has
been studied elsewhere with very similar results [158,172,173,191], though it
varies slightly from the archetypal CuPc-based architecture [86] by using
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100 nm

Figure 5.2  Cross-sectional SEM image of a bilayer CuPc/PCBM OPV device.
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Figure 5.3  Current voltage behavior of a bilayer CuPc/PCBM OPV device.

PCBM instead of Cso and including a layer of PEDOT:PSS. This represents the
benchmark upon which improvements due to structuring can be made. In the
absence of completely inert fabrication environments, significant effort is
required to achieve consistent results. Most of the sections within this chapter
are aimed at identifying the relative sensitivity of different processing steps
and conditions, so that the most critical ones can be controlled.
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5.4. Testing, Calibration, and Reporting of Results

The rapid rise in OPV device efficiencies is the result of a highly
competitive race to report record results. Within this race, concerns have
arisen over testing accuracy, which has motivated the development of OPV-
specific testing standards [234]. Currently, record results must be
independently certified, usually by Dr. Emery at the National Renewable
Energy Laboratory (NREL) in Colorado, whose solar simulator provides
unparalleled spectral matching capabilities. Most of the progress within the
OPV field can proceed without such scrupulous testing, because relative
performance can be evaluated using more commonly available equipment.

Spectral calibration is not unique to OPV testing, of course. The output
intensity of solar simulators is known to vary substantially over time,
depending on the age and temperature of the bulb, which warrants frequent
calibration regardless of sample type. However, the difficulty with OPV
device testing arises from the narrow absorption spectrum of most organic
materials. Because solar simulators are rated by the average power they
deliver over different wavelength ranges, results can vary substantially
between simulators depending on the shape of their spectrum over the OPV-
relevant range. A spectrum that over-emphasizes the 400 ~ 700 nm region will
overestimate device efficiencies, and any spectral deficiencies in this region
will lead to underestimated values.

The standard calibration technique for OPV testing in most labs is to
use a KGS5 filter to ensure that the power within the 300 ~ 800 nm wavelength
range matches well with the AM 1.5 G solar standard [234]. To illustrate the
importance of this standard, Figure 5.4 shows changes in device behavior due
to changes in the spectrum. Changes in Js and n were dramatic, while the Voc
and FF remained remarkably consistent, regardless of the spectrum. Here,
colored glass filters (2”7 by 2”7, 2 mm thickness, Schott Glass) were used to
isolate different regions of the spectrum during testing. The incident power in
each case was monitored by a power meter and used to calculate efficiency.

The relative efficiency values are therefore an indication of how well the
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Figure 54 Effects of spectral changes on device response. Aside from the KGI,
all filters were high-pass filters with a cut-off wavelength
corresponding with the number in the filter name (e.g. WG305
transmits wavelengths of 305 nm or above). The KG1 transmits

between 300 ~ 800 nm only, similar to a KG?5 filter.

filtered spectrum is absorbed and converted by the devices. The filters were
mostly high-pass filters, with the cut-off wavelength denoted in the filter
name. For example, the WG305 filter transmits everything above 305 nm, the
GG395 filter transmits everything above 395 nm, and so on. The exception is
the KGI1 filter, which is a band-pass filter that transmits light in the 300 ~ 800
nm region, similar to a KG5. The efficiency is much higher in this case,
because the KG1 filter aligns so well with the devices” absorption. Further
analysis on the simulator spectrum revealed severe deficiencies in the visible
region relative to the infrared. Therefore the infrared output of the simulator
was high after calibrating the spectrum with a KG5-filtered Si reference cell,
but with no consequence on results since devices do not absorb in this region.
For the optimization experiments that follow, device testing was
performed prior to establishing the KG5 calibration routine. In these cases,
the output of the solar simulator was found to vary substantially. As a result,
Js« and m were highly variable between device batches, and are therefore
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reported as normalized values in sections 5.5.1 through 5.5.3. As shown
above, Voc and FF are hardly affected by changes to the incident spectrum,
and are therefore reported as absolute values. The KG5-filtered calibration
routine was later employed to enable accurate reporting of absolute values
for all performance parameters, which applies to the devices in section 5.5.4.
Rapid degradation of OPV devices makes testing somewhat more
challenging. Testing in inert environments is common, and has been shown to
improve the FF by up to 40% [107,235]. However, testing in air is far more
practical, and is done by many groups reporting record results. In the absence
of fully inert processing and testing equipment, the experiments in section
5.5.1 focus on identifying the critical stages that are sensitive to ambient
exposure, and appropriate care is taken thereafter to minimize degradation

prior to testing.

5.5. Results and Discussion
5.5.1. Material quality and film sensitivity

As mentioned earlier, many organic materials and films are sensitive to
ambient environments. Therefore, a firm understanding of the relative
degradation speed of each of these layers is critical. A tight process flow that
leaves little time between each deposition is preferred, but is not always
practical, and is also, as it turns out, unnecessary. This section analyses the
degradation behavior of each of the organic layers, as well as the materials
and solutions used to deposit these layers.

To begin, a series of devices are made with fresh and aged PEDOT:PSS
films. Aged films were placed in a cabinet with exposure to air and varying
amounts of indoor lighting. Aging varies between only several hours to over
1 month. Additional layers were deposited simultaneously for all devices and
were tested immediately afterwards, the results of which are presented in
Figure 5.5. Surprisingly, performance seems to improve slightly as a result of
small amounts of aging, but is within error of original values. The

PEDOT:PSS layer therefore appears to be fairly robust, with performance
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Figure 5.5 Effect of PEDOT:PSS film aging on device performance.

rolling off only at about the one week mark. Even after over a month of
exposure to air and light, the devices are able to operate at over 60% of the
performance of a completely fresh device. Therefore, when fabricating large
device batches, some of the PEDOT:PSS layers are allowed to age while
others are being processed. In these cases, the films would have seen a
maximum of a few days of aging, which is not a big concern. In most cases,
however, a fresh PEDOT:PSS layer is used. Commercial PEDOT:PSS solutions
were used as-received, within the quoted shelf life of 9 months.

The next layer to investigate is the MPc layer. Here, both the material
purity and the film age are important factors to investigate. First, devices
were made using purified and as-received CuPc material that were otherwise
identical. The crucible temperature required to maintain a desired deposition
rate was 30 ~ 40°C higher for unpurified material, which may be the result of
a layer of impurities accumulating in the crucible. The results from these
devices are shown in Figure 5.6, where a dramatic increase is seen in all
aspects of device performance for those made with purified material. It is
important to note that the CuPc material was purified only once for this
experiment. The importance of material purity has been emphasized
previously [85], where the hole mobility of CuPc is found to increase
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Figure 5.6  Effect of CuPc material purity on device performance.
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Figure 5.7  Effect of CuPc film aging on device performance.

dramatically by the removal of impurities. Multiple purifications have been
found to yield increasingly better results, but the marginal improvements are
not worth the extra effort when each procedure is a full day task. Twice
purified material seems to be the standard, which is used for all devices in

section 5.5.4.
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The film age of CuPc was also investigated, the results of which appear
in Figure 5.7. Here, fresh CuPc films are compared to ones that have aged for
2 weeks in a dark cabinet with exposure to air. Interestingly, the performance
of the aged films shows marginal improvement on average, but is within
error of the original values. This is consistent with other studies that have
shown higher mobilities in MPc layers as a result of oxygen exposure
[110,236,237], despite the surface chemistry remaining unchanged [238].
Similar to PEDOT:PSS, this result enables more relaxed timelines for these
films during device fabrication. In some cases, MPc films were allowed to age
for several days in dark ambient environments while other devices were
being processed. Unlike fresh films that are easily wetted by PCBM solutions,
films that are several months old repel them, preventing effective device
completion. Therefore, these layers do have a fixed timeframe within which
they must be used, but it is the least sensitive of any of the layers.

Out of all the organic layers, the PCBM layer exhibited the greatest
sensitivity to air exposure. Solutions of PCBM were always mixed
immediately prior to spin-casting, due to the drop in performance seen with
aged solutions in Figure 5.8. In addition, devices were transported and tested
with a sense of urgency after the PCBM casting, as degradation proceeds very
quickly thereafter. This is illustrated in Figure 5.9, where rapid changes to the
Jse and FF are evident over short timescales. Significant drops in performance
were even observed during testing in many cases. Remarkably, the Vo
remained constant, which suggests that the D/A interface is not the source of
degradation. The cathode was deposited on top of the PCBM in a glovebox
evaporator. This limited the exposure times to ~ 10 minutes between PCBM
casting and loading into the glovebox, and ~ 10 minutes between removal
from the glovebox and testing. Ideally, PCBM casting and device testing
would also take place in an inert environment [107,235]. Without
encapsulation, light exposure has been shown to facilitate device degradation
[34]. Therefore, samples were hereafter concealed by aluminum foil during
transportation between fabrication and testing labs.

The mechanism of PCBM degradation is well studied. Contamination
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Figure 5.8  Effect of PCBM solution age on device performance
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Figure 5.9  Effect of device aging on device performance.

or degradation at any of the interfaces in OPV devices introduces defect and
trap states, which impede charge transport. This is revealed by an s-shaped
kink in the current-voltage curves, and a correspondingly poor FF [119-122],
which is clearly observed in Figure 5.9. In particular, exposure of Cso (or
PCBM) to oxygen is detrimental to its conductivity and electron mobility
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[138,235,239,240], which is consistent with the results presented here. This is
in direct contrast with the aging of MPc layers, whose properties are actually
enhanced by oxygen exposure. In other words, oxygen in these layers
performs well as a p-dopant, and must be avoided in the PCBM layer to

ensure optimal performance.

5.5.2. Film thickness optimizations

Proper operation of OPV devices requires a certain degree of thickness
precision when depositing organic layers. The thicknesses of the active layer
materials either determine or influence each of the ma, mepo, and mcc. The
thickness of the interface layers affect the series resistance and can also be
used to determine the placement of the active layer with respect to the
incident and reflected optical fields. Ideally, the donor layer would coincide
with the maxima of the optical field intensity, which can be achieved by use
of an optical spacer interface layer [16,21]. These effects become more critical
in tandem devices, where multilayer stacks result in much thicker devices
and thickness precision is critical [4,21,67]. This section investigates the effect
of varying the PEDOT:PSS, MPc, and PCBM layer thicknesses. The cathode
layer thickness is dealt with in the following section.

The PEDOT:PSS layer thickness is least critical to device performance
out of any of the organic layers. A thickness of 40 ~ 60 nm is most common.
Device results from a 30 nm and a 90 nm thick PEDOT:PSS film are compared
in Figure 5.10. A slight decrease in Js« is observed in the device with thicker
PEDOT:PSS, which may be due to increased series resistance, but the changes
are not dramatic. The 90 nm layer was accomplished by spinning an
undiluted solution at 4000 rpm for 30 seconds. The 30 nm layer was made in
the same way, but with a 2:1 dilution with deionized water (2 parts H20 to 1
part PEDOT:PSS). It is important to note that this study was done with a
relatively old (several months) bottle of material. Afterwards, fresher material
was used, whereby a standard procedure of spinning undiluted material at
4000 rpm yielded a layer thickness of about 40 nm, which was used for all

devices in section 5.4.4. The takeaway from the current study is that device
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Figure 5.10 Effect of PEDOT:PSS film thickness on device performance.
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Figure 5.11 Effect of CuPc film thickness on device performance.
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performance does not rely heavily on the PEDOT:PSS layer thickness, which

is a fortunate and unsurprising observation. As a side note, the bake time for

PEDOT:PSS was tracked between 5 — 20 minutes, and no changes to device

performance were seen within that range. The standard bake time going

forward is 10 minutes.
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Figure 5.12 Effect of PCBM spin speed on device performance.

The thickness of the MPc layer is more important, specifically because
of the short exciton diffusion length in MPc materials, as discussed in Chapter
1. The performance of devices containing CuPc layers of 20 nm and 50 nm
thickness is compared in Figure 5.11. Unsurprisingly, the V.. and FF
remained constant, but the Jsc dropped slightly in the thicker device. This is
likely due to a poor nep, because the layer thickness significantly exceeds Lob.
Additional devices were made with much thicker active layers, which
showed further drops in performance relative to a 50 nm layer as the CuPc
thickness increased.

Similar thickness sensitivities are seen for the PCBM layer, as shown in
Figure 5.12. Here, the spin speed is varied during PCBM casting, while
always using a 30 mg/mL solution. The corresponding film thicknesses are
approximately 100 nm (500 rpm), 40 nm (1000 rpm), and 30 nm (2000 rpm).
Unlike CuPc, where an increase in thickness at least improves na, an increase
in the PCBM thickness is of little value. Meanwhile, a thicker layer increases
the series resistance, which is likely responsible for the poor performance of
the film cast at 500 rpm. The devices with films cast at 1000 rpm and 2000
rpm perform within error of each other. Going forward, devices are made
using 30 mg/mL PCBM solutions spun at 1000 rpm.
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Figure 5.13 Effect of aluminum film thickness on device performance.
5.5.3. Cathode optimization

The design of the cathode is subject to few basic criteria. Strong lateral
conductivity and an appropriate work function for electron collection from
the active layer are the two most important. A transparent electrode is desired
in some cases, for example to provide semitransparent panels for niche
applications such as integration into windows. In most cases, however,
aluminum is used. The target thickness and deposition rate used to deposit
this layer must bear in mind the potential for damaging the device either by
overheating or by penetrating the adjacent organic layer. Additionally, the
cathode must be robust enough to withstand pressure from spring-loaded
pins used to contact devices during testing.

The first experiment on the cathode looked at the effect of a 500 nm
thick aluminum layer, compared to a standard layer of 100 nm, the results of
which are shown in Figure 5.13. A deposition rate of 5.0 A/s was used in both
cases. The performance of devices with the thick cathode dropped
dramatically, which suggests that the devices were overheated during
deposition. The additional heat from condensation of five times the

aluminum vapor would be significant, therefore excessive heating was likely.
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Figure 5.14 Effect of aluminum deposition rate on device performance.

After this, a thermocouple was installed directly beside the sample chuck to
monitor temperature. The thermocouple temperature rose rapidly during
depositions, reaching 100 + 10°C for a 100 nm thick film, and often exceeding
150°C for a 200 nm thick film, which is more than significant enough to affect
device performance. Heating is not necessarily bad; annealing is often used to
improve devices. In particular, annealing at 220 ~ 250°C has been shown to
increase the performance of CuPc/PTCBI devices [109,241]. For CuPc/Ceo
devices, the optimal temperature is around 100°C [108,158,242], beyond
which CuPc will transition to its f crystalline form and reduce performance
[227]. Many annealing experiments were later done on CuPc devices similar
to those in Figure 5.13, at temperatures of up to 110°C, but no improvements
were seen. The high temperatures reached by the samples during aluminum
deposition may explain why post-deposition annealing failed to make further
improvements in these cases.

The next experiment on the cathode investigated the effect of the
deposition rate. Rates of 1.0 and 5.0 A/s were compared, and a 100 nm thick
aluminum layer was deposited in each case. The results, shown in Figure

5.14, suggest that a lower rate is better. This is likely due to less damage
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a) E-beam aluminum b) Thermal aluminum

W 100 nm

Figure 5.15 Cross-section SEM images of OPV devices. The aluminum deposition

method in each case is denoted in the image.
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Figure 5.16 Effect of aluminum deposition method on device performance.

occurring at the organic/cathode interface during deposition, which has been
the primary motivation for using a buffer layer here [137,138]. A higher
deposition rate may result in greater penetration of the active layer and
therefore a higher population of defect states at the interface.

Later, a study was done on bilayer ZnPc devices that compared
aluminum cathodes deposited using different source heating techniques (see
Figure 5.15 and Figure 5.16). In both cases, the deposition rate was around 10
A/s. The motivation here was to commission an alternative system for
cathode depositions, in order to reduce fabrication backlog during the
downtimes of the glovebox evaporator. However, the difference in device
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Figure 5.17 Effect of bathocuproine (BCP) film thickness on device performance.

performance seen here is even more severe. The FF and Js. were both
negatively impacted by the electron beam deposition process, causing a drop
in overall photoconversion efficiency of over 40%. It is likely that the organic
layers were damaged by exposure to high energy radiation originating from
the electron beam source heating. UV radiation is well-known to facilitate
degradation in OPV active layers [34,38], and electron beam source heating
emits x-ray radiation [243], which would no doubt be even more harmful to
organic materials. As such, all future aluminum depositions were conducted
in the glovebox evaporator.

The results of both Figure 5.14 and Figure 5.16 motivate the integration
of bathocuproine (BCP), in order to prevent damage to the active layer during
cathode deposition. Only a thin layer of this material is required, but the
thickness sensitivity of this layer is known to be high [143]. Layers of up to 20
nm were used in this investigation, the results of which are shown in Figure
5.17. In this case, a 100 nm aluminum cathode was deposited on top of the
BCP at 2.5 A/s. The BCP thickness was calibrated by depositing a 50 nm layer
on Si, the bulk of which varied between 40-60 nm, resulting in a 20% error on
the thickness values. After introducing BCP, the performance of devices not
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Table 5.1  Summary of the relative importance of material quality, film
degradation, and thickness precision observed for the various layers

in MPc OPV devices.
Fil i imal Thick
Layer Material purity / solution age ! m.degrada’aon . Optima cress
timescale thickness (nm) sensitivity
Use commercial solution as is,
PEDOT:PSS Days 40 Low
good for several months
Purif ial ial
MPec u.r1 y commercial materia Weeks 20 Moderate
prior to use
Use commercial material as is, .
PCBM Minutes 40 Moderate

good for several months

BCP Pu'rlfy commercial material i 15 High
prior to use

Al Use commercial material as is - 100 Moderate

only increased, but became less dependent on the deposition rate of
aluminum. A rate of 2.5 A/s was used for all devices that follow, which
resulted in more practical deposition times than 1.0 A/s, while still alleviating
concerns related to interface damage.

A summary of all findings in sections 5.5.1 — 5.5.3 related to material

quality, film degradation, and thickness sensitivity can been seen in Table 5.1.

5.5.4. Active layer optimization

This section describes two methods to optimize the distribution of
donor material within the active layer. The first is by means of dissolution by
the PCBM solvent to create a mixed heterojunction, and the second is by
using GLAD to create a textured donor film. Together, they form a powerful
new approach to improving small molecule active layers. The solvent
technique is discussed first, in a bilayer context, after which the
nanostructured films are introduced. This is done to isolate the impact of each
of these effects, and thereby enable the appropriate attribution of

performance improvements due to GLAD structuring.
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Bilayer devices: choice of solvent and solution temperature

As a control study, bilayer OPV devices were fabricated with the
following architecture: ITO (120 nm) / PEDOT:PSS (40 nm) / ZnPc (50 nm) /
PCBM (70 nm) / BCP (15 nm) / Al (80 nm). The PCBM solution temperature
was varied to influence the interaction between the ZnPc film and the solvent.
Cross-sectional views of these devices are shown in Figure 5.18, which reveal
subtle distinctions in the abruptness of the ZnPc/PCBM interface. Though the
overall active layer thickness remains constant, the most well-defined
boundary between ZnPc and PCBM occurs when the PCBM is applied cold
(Figure 5.18a). The current-voltage curves for these devices are shown in
Figure 5.19, and device performance metrics are summarized in Error!
Reference source not found..

As seen in the current-voltage curves, the solution temperature has
little impact when using CB as the solvent. However, a significant
improvement is seen in the photocurrent when using DCB as the solvent. This
enhancement is likely due to improved mixing of materials at the D/A
interface, as observed in the previous chapter (Figure 4.13).

The ZnPc layer used here is thicker than what is typically used in such
devices, the purpose of which is to allow an investigation of the unique
structures in the solvent-treated films (which, under 50 nm thickness, cease to
form platelet structures) as well as to provide an absorption-matched
comparison to thicker GLAD-structured devices. Both of these tasks are
addressed below.

PEDOT:PSS

RoyH e e

Figure 5.18 Cross-sectional views of bilayer ZnPc/PCBM OPV devices. The PCBM
solvent and solution temperature used in each case are denoted in the
image.
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Figure 5.19 Current-voltage characteristics of bilayer ZnPc/PCBM OPV devices

made using different PCBM solvents and solution temperatures.

Nanostructured devices

Photovoltaic devices were fabricated with the same layer structure as
the bilayer devices, but here the planar layer is replaced with structured ZnPc
films. The structuring is accomplished either by depositing with GLAD or by
direct exposure of a planar film to solvents using a drop treatment. Figure
5.20 shows cross-sectional views of the PCBM-coated ZnPc films for each of
these two approaches. Figure 5.20a is the PCBM-coated version of Figure 4.7c
and Figure 5.20b is the PCBM-coated version of Figure 4.8a. The PCBM
solutions in both CB and DCB wet the ZnPc films very well, enabling
effective filling of the structured films.

With the solvent-structured approach, the platelets seen in Figure 4.7c

largely maintain their structure during the coating process (Figure 5.20a),

89



Chapter 5. OPV device optimization

(a)50 nm ZnPc + CB + PCBM (b) SP ZnPc + PCBM
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Figure 5.20 Cross-sectional views of PCBM coated ZnPc films and aerial views of
the corresponding Al electrode on each. The ZnPc film and solvent
used in each case was (a, ¢) 50 nm planar + CB, CB, and (b, d) 90 nm
SP via GLAD, DCB.

which translates into sharp peaks and ridges across the PCBM coating. These
contours are still apparent after depositing the BCP/Al electrode (see Figure
5.20c), which suggests that CB is not as able to dissolve ZnPc when being
used as the PCBM carrier.

When using the slanted post (SP) ZnPc structured film, the PCBM
coating not only fills the film completely but also leaves a much smoother top
surface (shown in Figure 5.20b). In addition, the overburden could be
controlled by varying the spin speed during PCBM application. OPV devices
were made with several of these structured morphologies and thicknesses.
Additional bilayer devices were also made, with a 20 nm thick ZnPc layer (as
is common for these devices). It was ensured that the bilayer devices had
comparable absorption to the structured devices, in order to isolate the effects
of morphology alone on photovoltaic performance (see Figure 5.21). The
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Figure 5.21 Absorbance of various planar, structured, and PCBM-coated ZnPc

thin films.

results of all these devices are summarized in Table 5.2, and current-voltage
curves for the key structured devices are shown in Figure 5.22.

Solvent treatment prior to PCBM coating hindered device performance
in all cases. Even though the CB treatment created somewhat appealing
platelet structures, which survived the PCBM coating process, the disorder in
the film morphology and changes to the film composition (mentioned in
Chapter 4) counteracted any advantage posed by the structure of the
crystallites. In the case of DCB treatment, the structures created were far from
ideal to begin with (large rectangular boxes with dimensions of 500 nm or
greater, similar to those seen in Figure 4.8c). These large box structures were
not dissolved during PCBM coating and were still present after complete
device fabrication, as confirmed by SEM. Thus, the lower performance is not
surprising. However, the fact that photovoltaic activity is still seen in these
devices likely means that some of the ZnPc material remains as a functional
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Figure 5.22 Current-voltage behavior of various structured ZnPc OPV devices.

planar layer, while the rest is reorganized into box structures.

Upon examining the performance of the GLAD SP films in devices, the
the highest short circuit current density (Js) is achieved by the thickest film.
This is due to the increased light absorption, as shown in Figure 5.21.
However, the large active layer thickness allows the poor charge carrier
properties of these organic materials to limit the collection of free charges,
leading to a low fill factor (FF). In addition, exposure to air may be a greater
concern for thick structured ZnPc films, whose larger surface area could
permit more severe contamination than less textured films. As a result, the
highest photoconversion efficiency is still observed when using the thin
structured ZnPc film (10 nm planar + 20 nm SP). In this case, an average
photoconversion efficiency of 2.86% is achieved when using DCB as the
PCBM solvent. The best result among these devices was 3.0%, which is near
the performance of some of the best ZnPc devices to date [97,98,244]. It is
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Table 5.2  Performance parameters for various ZnPc/PCBM OPV devices.
ZnPc film morphology a ti‘:tvri;t ifil\ft Js (mA/cm?) Voe (V) n (%) FF R (Qem?) Ry (kQ cm?)
50 nm planar 0° - CB 3.67 +0.09 0.624 + 0.004 1.37+£0.04 0.57 £0.01 19+4 1.0£0.3
50 nm planar 0° - -20°C CB 3.68 +0.04 0.617 £ 0.004 1.33+£0.02 0.56 £ 0.02 19+1 0.76 £0.01
50 nm planar 0° - 80°C CB 34+01 0.614 + 0.002 1.24+0.05 0.57 £0.03 22+6 1.0+0.2
50 nm planar 0° - DCB 49+02 0.618 £ 0.006 1.74+0.06 0.55 £ 0.04 16+3 0.7+0.1
50 nm planar 0° CB CB 4.09 +0.08 0.638 + 0.001 1.12+0.02 0.41 £0.05 16+1 0.46 = 0.04
50 nm planar 0° DCB CB 23+03 0.56 = 0.02 0.56 +0.07 0.41 +0.06 12+1 0.4+0.2
20 nm planar 0° - CB 57+0.1 0.637 £ 0.005 2.10+0.08 0.55+0.07 10+1 0.6+0.2
20 nm planar 0° - DCB 6.8+0.3 0.62£0.01 23+0.2 0.51£0.08 9.9+0.9 05+0.1
10 nm planar + 20 nm SP 75° - CB 59+02 0.640 + 0.002 2.29+0.08 0.57 £0.09 10.3+0.4 0.6+0.2
10 nm planar + 20 nm SP 75° - DCB 7.5+0.2 0.629 + 0.005 2.86 +0.09 0.6+0.1 9.1+05 0.6+0.3
10 nm planar + 90 nm SP 75° - CB 6.6+0.2 0.583 £ 0.006 1.88 £ 0.06 0.5+0.1 13+1 0.5+0.2
10 nm planar + 90 nm SP 75° - DCB 8.79 £0.09 0.552 £ 0.005 2.0+0.1 04+0.1 10.6 +0.4 0.38 +0.07
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Figure 5.23 Normalized EQE spectra of bilayer and nanostructured ZnPc OPV
devices processed with different PCBM solvents (as indicated in the

figure).

possible that these results could be further improved by using PCn1BM in
place of PCsiBM, as demonstrated elsewhere [16,105-108].

External quantum efficiency (EQE) was measured and compared
between the top performing devices to identify the relative contribution of the
different ZnPc absorption peaks in each case. Normalized results from these
measurements are shown in Figure 5.23. The device degradation that
occurred during testing was too significant to use the absolute measured
values to calibrate against the photocurrent in the I-V curves. Absolute EQE
values were generally in the range of 0.25 — 0.32 near 620 nm, which is on par
with standard bilayer ZnPc devices and about half that of the best published
results [98,244]. The samples were measured many times, alternating between
I-V and EQE, and the Js. decreased between each measurement. The curves
shown here are from devices that have experienced a comparable amount of
degradation. The relative contribution of different absorption peaks does not
change significantly between devices using different ZnPc morphologies or
PCBM solvents. Solvent-treated devices degraded even faster than the others,
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making it difficult to identify the spectral region responsible for photocurrent
in these devices. As shown in Chapter 4, the absorption spectrum of ZnPc
tilms changes significantly upon solvent exposure, enabling access to other
spectral regions for potential photoconversion. Encapsulation or inert testing
environments would be necessary to gain further insight into these devices.

Overall, the ZnPc morphology improvements created with GLAD
provide photoconversion performance enhancement regardless of the amount
of material in the device. In other words, with all else being equal, a 10 nm
planar + 90 nm SP film always outperforms the 50 nm planar film. Similarly, a
10 nm planar + 20 nm SP film always outperforms the 20 nm planar film. It is
significant to note that the series resistances of the devices using a 50 nm
planar film are nearly 50% higher than for devices using a 10 nm planar + 90
nm SP film. Remarkably, the series resistances of thick GLAD-structured
devices is as low as the thinnest planar and nanostructured devices. In this
case it is evident that the nanostructured architecture promotes better charge
transport while containing the same amount of material as the bilayer device.
The absorbance profiles of these films are used as grounds to determine that
they contained a comparable amount of material (see Figure 5.21). Also,
Figure 5.21 shows that as the films grow thicker and their morphologies
deviate more significantly (between planar and GLAD), so do their
absorbance profiles. This is similar to that observed previously with SP CuPc
thin films in Chapter 2 (see Figure 2.10).

The absorbance profiles reveal an important difference between the
thin bilayer devices prepared using CB vs. DCB as the PCBM solvent, and
that is the amount of material stripped off by the solvent during the coating
process. In particular, the ZnPc absorbance peak around 600 ~ 620 nm is
lower when using DCB than when using CB, suggesting that DCB is more
able to dissolve the ZnPc material while holding 30 mg/ml PCBM. Along with
the depth profiles in the previous chapter, this supports the notion that the
superior performance observed when using DCB over CB is due to more

significant mixing at the interface.

95



Chapter 5. OPV device optimization

5.6. Summary

This chapter focused on optimizing the performance of MPc-based
OPV devices. Individual layers were each optimized to establish a fabrication
routine for bilayer devices that would yield strong and consistent results.
Whereas PEDOT:PSS and MPc layers were found to be fairly robust, the
PCBM layer degraded rapidly upon exposure to air, and procedures were
implemented to reduce this exposure. The presence of a BCP blocking layer at
the cathode was found to improve performance and reduce sensitivity to the
cathode deposition rate. Upon achieving a standardized bilayer device, the
focus shifted to optimizing the morphology of the active layer materials.

The effects of organic solvents on MPc thin films, which were the topic
of Chapter 4, were used to optimize nanostructured ZnPc/PCBM OPV
devices. The nanostructured ZnPc film morphologies are maintained when
coated with PCBM, but a degree of material mixing occurs that is dependent
on the solvent, as per the results in Chapter 4. This indicates that a planar
donor layer can yield either a bilayer or mixed heterojunction, depending on
the solvent used to cast the acceptor. When using a nanostructured donor
layer, such as a GLAD film, the end result can then be a combination of the
interdigitated donor and acceptor layers with a mixed heterojunction forming
throughout the acceptor region. This provides an alternative approach to the
well-established codeposition techniques that are routinely used in
fabricating mixed heterojunction OPV active layers, while additionally
allowing the use of ideal donor layer morphologies.

Photovoltaic performance in ZnPc¢/PCBM OPV devices was strongly
related to the ZnPc film morphology and thickness, as well as PCBM solvent.
The best result was achieved with a 10 nm planar + 20 nm slanted post ZnPc
film morphology while using DCB as the PCBM solvent, which exhibited
photoconversion efficiencies of up to 3.0%. These findings provide motivation
for continued optimization of small molecule OPV devices through a
combination of direct donor material structuring and optimal solvent choice

for casting the acceptor layer (or vice versa).
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6 . ION BOMBARDED MPc FILMS!

6.1. Introduction

Ion sputtering is often employed by surface analysis techniques, such
as AES, XPS, and SIMS, to generate depth profiles of multilayer films. The
limits imposed on depth profiling by the effects of ion sputtering on surface
topography have been studied thoroughly for many metal and
semiconductor thin films [245-255]. Ripples and cones are among the most
common surface features produced by ion bombardment. The severity of
surface topography changes during ion sputtering depends on the
characteristics of the sample and the ion beam, and can often be reduced by
means of sample rotation [249,256,257]. Accurate depth profiling of polymer
and organic layers is considerably more challenging than inorganic materials,
but has been improved as of late [258-264]. Few studies have been done on
plasma etched MPc films, and the effects on morphology are not well known.

This chapter investigates the evolution of metal phthalocyanine thin
films as they are etched with argon plasma. Significant morphological
changes occur as a result of the ion bombardment: a planar surface becomes
an array of nanopillars with sub-20 nm diameters. The morphology changes
are independent of RF power, which controls the etch rate only. Analysis
with XPS shows surface concentrations of copper and oxygen increasing with
etch time, while carbon and nitrogen are depleted. Despite these changes in
surface stoichiometry, no change is seen in the work function. The UV/Vis
and FTIR absorbance profiles, as well as XRD data, show no changes other
than the peaks diminishing with etch time. However, the surface changes
render the etched films highly resistive, and OPV devices employing these
tilms operate poorly. As a whole, these findings have important implications
for the accuracy of various depth profiling techniques employing sputtering
(AES/XPS/SIMS), and pose intriguing possibilities for OPV devices which

seek nanopillar thin films of MPc materials as an optimal structure.

1A version of this chapter has been published in Molecules [178]. 97



Chapter 6. Ion bombarded MPc films

6.2. Experimental Details

CuPc and ZnPc were purchased from Sigma-Aldrich and purified via
thermal gradient sublimation prior to deposition. Both planar and GLAD thin
tilms were deposited in a standard GLAD apparatus, with a throw distance of
34 cm, and a source temperature of about 400°C. A variety of substrates were
used, to enable various characterization techniques. ITO-coated glass (Delta
Technologies, 8-12 Q)/o) was used for OPV device samples and analysis by
SEM; Si wafers (Evergreen Semiconductor Materials) were used for analysis
by XRD, XPS, and UPS; KBr discs (Fisher Scientific) were used to gather FTIR
profiles; and glass microscope slides (Fisher Scientific) were used for UV/Vis
absorbance profiles. Argon plasma etching was performed in an Oxford
Plasmalab pEtch RIE chamber, with 110 sccm Ar gas flow and a chamber
pressure of 190 mTorr. The standard RF power used was 220 W, but was
changed on occasion, as explained in the text.

Electron microscope images were acquired using a Hitachi field
emission S-4800 SEM. X-ray photoelectron spectroscopy (XPS) was performed
at high vacuum (<5 x 10'° Torr) with a Kratos Ultra spectrometer, using an Al
Ka radiation source (hv = 1486.71 eV). Measurements were done using
incident beam angles of 0° and 60° to probe different surface depths. Atomic
concentrations were calculated using the relative peak intensities while
accounting for the atomic sensitivity factors. Ultraviolet photoelectron
spectroscopy (UPS) was performed in the same environment as XPS, using a
He I (hv = 21.21 eV) radiation source. Absorbance over visible regions was
measured with a Perkin Elmer Lambda 900 UV/VIS/NIR spectrophotometer.
Infrared absorbance was captured with a Nicolet Nexus 760 FTIR
spectrometer with a DTGS detector and a sample chamber purged with N2. X-
ray diffraction (XRD) data was collected by Michael Fleischauer with a Bruker
D8 diffractometer, equipped with a Cu source and area detector, and
calibrated against a silver behenate reference standard.

For OPV device fabrication, a 30 mg/mL solution of PCBM (American

Dye Source) in chlorobenzene (Sigma-Aldrich) was spun onto the CuPc films
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Figure 6.1  Effects of argon plasma etching on a planar CuPc thin film.

at 1000 rpm for 30 seconds. The top electrode consisted of 15 nm
bathocuproine (Sigma-Aldrich) and 100 nm Al (Lesker), deposited over 5
rectangular device areas of 0.20 cm? each, in a glovebox evaporator. Current-
voltage curves were taken in air using a Keithley 2400 source meter, under
AM 1.5 G simulated irradiation (Oriel 91191 1000W).

6.3. Results and Discussion
6.3.1. Columnar MPc film morphologies via plasma etching

The first nanopillar films were fabricated by etching a set of 180 nm
thick planar CuPc films with argon plasma. Films were etched with an RF
power of 220 W for 20 and 40 seconds, resulting in the fascinating columnar
morphologies seen in Figure 6.1. Simply from a morphological perspective,
the dimensions of the columnar film features are far superior to any of the
films presented in this thesis so far. With column diameters of around 20 nm
or less, they are smaller than the columns found in the best small molecule
films produced to date [175], and are extremely well suited to the exciton
diffusion lengths of MPc materials. In addition, the etched columns in Figure
6.1c are wider at the base and taper off at the top, making them more robust
than the GLAD films which struggled with top-heavy columns due to
broadening. From a structural perspective, this may improve their
survivability during the solution-based filling process.

Etching with oxygen gas instead of argon was also performed, with a
chamber pressure of 150 mTorr, RF power of 220 W, and gas flow rate of 80
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Figure 6.3  Effects of different etch conditions and etch times on the morphology
of CuPc thin films etched with argon plasma.

sccm. The results are shown in Figure 6.2. Here, etching proceeded much
faster due to the reactivity of ionized oxygen, which enhances removal of
organic material in conjunction with physical sputtering. A somewhat similar
final morphology can be achieved with oxygen plasma compared to argon
plasma, albeit with a more disordered and fragile network of remaining
features. The likelihood of chemical changes to the film is higher with oxygen,
making oxygen plasma etched films less interesting than argon plasma etched
films. As such, argon was determined to be the etching gas of choice, and no
additional oxygen-etched films were investigated.

The RF power was varied to investigate the sensitivity of morphology
to the etch conditions. A 300 nm planar film was exposed to argon plasmas
for various periods of time with three levels of RF power: 73 W, 147 W, and
220 W. The images shown in Figure 6.3 reveal similar etching behavior in all

cases, only at different rates. Etched films resembled others that were etched
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a) 120 nm GLAD ZnPc b) + 73 W Ar plasma (10s) c) + 220 W Ar plasma (15s)

Figure 6.4 Effects of different argon plasma etching conditions on a thin GLAD
ZnPc film.

to similar depths under different conditions. Thus, the etching mechanism
remains the same, and changes in RF power affect etch rates only.

It may be possible to further improve these etched film morphologies
by starting with an already textured MPc film, for example a GLAD film. This
approach could introduce additional control over columnar dimensions and
spacing, while requiring less etching and disturbance of the original film.
Alternatively, this approach can be thought of as a way to refine the structure
of a GLAD film via ion bombardment, which is not an entirely new concept.
In fact, ion milling and reactive ion etching have been shown previously to
enhance the morphology and properties of various inorganic GLAD films in
other applications [265-269]. Figure 6.4 shows the effects of etching a 120 nm
GLAD ZnPc film. The original film has a slanted post morphology (pointing
into the page), which appears largely untouched by a low power etch but
deteriorates significantly under a more aggressive etch (Figure 6.4b vs. 6.4c),
with an overall thinning of the areal density of posts observed. In these cases,
any structural enhancements due to etching are not obvious. It is possible that
a vertical post morphology may be more receptive to plasma etch
refinements, and that thicker films with broader columns would benefit more,
but this will require future study.

6.3.2. Surface analysis and electronic properties

The creation of columnar film morphologies out of planar ones with
ion sputtering potentially affects the surface composition. The harmful effects
of UV radiation from the plasma alone may impact the survivability of the

sample [34,38]. In addition, when considering that the ion energies from the
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Figure 6.5 Changes to the UPS spectra of a planar CuPc thin film due to argon
plasma etching.

plasma are at least comparable to or greater than the intramolecular bond
energies in metal phthalocyanines, changes in surface composition may be
expected [270,271]. Unsurprisingly, ion beams with MeV ion energies have
been shown to be very destructive to MPc molecules [272]. However, the
strong 1 network of MPc molecules may help them avoid fragmentation from
impacts of only tens of eV, due to protection by delocalized electrons [273].
The surfaces of the etched CuPc films in this investigation were
analyzed with ultraviolet photoelectron spectroscopy (UPS) and x-ray
photoelectron spectroscopy (XPS). The UPS curves, shown in Figure 6.5, show
virtually no change in the onset energy for electron ejection, at around 16.5
eV. Consequently, the work function is consistent across all samples, at 4.7 +
0.1 eV, which is slightly higher than other published values [108,242], but
may be simply due to more air exposure [238]. These results provide little
insight into the effects of etching, and direct contact resistance measurements
could not be performed due to the mechanical sensitivity of the nanopillar

tilms. Analysis by XPS reveals more significant information.
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Figure 6.6 Changes to the surface composition of a planar CuPc thin film due to

argon plasma etching.

The atomic concentrations of various elements were calculated from
the relative XPS peak heights, and are presented in Figure 6.6. Significant and
immediate removal of C and N is evident in the sample etched for 10 seconds,
which does not change much further in the 30 second etch. Meanwhile,
higher concentrations of Cu are revealed by the etching, which is consistent
with results from other etch chemistries [271]. Evidently, the CuPc molecules
are not surviving the impacts of the Ar ions, and lighter elements are being
preferentially removed over heavier ones. Interestingly, a significant amount
of O and F are introduced to the surface, which are likely the result of
residual gases in the etch chamber binding to the fragmented molecules as a
means of stabilization. For device quality CuPc it may be necessary to
perform the etching in a UHV environment. The composition of the original
planar CuPc film is independent of the incident beam angle, which suggests

that the surface and subsurface are very similar. For the etched films,
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Figure 6.7  Effects of solvent exposure on an argon plasma etched CuPc film.

however, the surface is slightly richer in Cu while being depleted of C and N,
which confirms the preferential removal of C and N over Cu mentioned
previously. These changes to surface composition leave little optimism for
potential functionality at the OPV active layer interface.

As seen in Chapter 4, MPc thin films demonstrate recrystallization
effects as a result of exposure to various organic solvents. The etched films
were also subjected to solvent exposure, but showed no morphology changes,
as seen in Figure 6.7. The only effects seen were film buckling, presumably
due to stress induced in the film, as a result of exposure to chlorobenzene.
This lack of film restructuring indicates either a lack of CuPc remaining in the
film, or a barrier present at the film surface that cannot be penetrated by the
solvents. From the absorbance data that follows, the barrier explanation is
more plausible, but the film would not be functional for use in OPV active
layers in either case. These unfortunate results are not surprising, as
hardening of MPc films by plasma irradiation has been observed when using
other etch chemistries as well [271].

Despite the significant surface changes, OPV devices were made using
these columnar etched CuPc films. The films were easily filled by coating
with PCBM, as shown in Figure 6.8. As expected, the devices exhibited very
high series resistance and no photovoltaic behavior, as seen in Figure 6.9. The
active layer interface was not functional. Not only was current unable to pass
through the device, there was no exciton dissociation at the interface, as
evidenced by the lack of photocurrent under illumination. Unfortunately, it
appears that achieving functional OPV devices that employ plasma etched

MPc layers will be very challenging.
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Figure 6.9 Current-voltage behavior of OPV devices containing planar and

etched CuPc layers a) in dark conditions, and b) under illumination.

6.3.3. Bulk film analysis

The disappointing device results shown in the previous section
question whether any CuPc material remains in the etched films at all.
Absorbance profiles were gathered in both the visible and infrared spectral
regions, which are shown in Figure 6.10 and Figure 6.11, respectively. In both
cases, no changes to the shape of the absorbance spectra are seen as a result of
the etching, but only diminished peak heights. This is consistent with the
removal of material seen by SEM, and confirms that much of the remaining

film avoids being damaged. Likewise, the XRD profiles shown in Figure 6.12
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Figure 6.10 Changes to thin film absorbance as a result of argon plasma etching.
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Figure 6.11 Changes to FTIR absorbance spectra of a CuPc thin film due to 220 W

argon plasma etching.
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Figure 6.12 Changes to the XRD spectrum of a planar CuPc thin film as a result of
220 W argon plasma etching.

show no changes other than peaks diminishing with etch time. Thus, the
material that does remain in the film appears to maintain both its molecular
and crystalline structure. It is significant to note that the remaining
absorbance of the most etched CuPc film in Figure 6.10 maintains comparable
absorbance to a 120 nm planar un-etched film. Therefore, these films possess
nearly the same amount of CuPc material, equivalent to six times the amount
used in a typical bilayer OPV device. This confirms that the film morphology
seen in Figure 6.3c is suitable as an ideal OPV active layer architecture. Every
point of light absorption in this nanopillar film would be within a single
exciton diffusion length of the D/A interface, and the film would capture
significantly more incident light than a commonly used 20 nm planar layer. If
the interface were functional, the architecture fabricated by plasma etching

would be very useful.
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Alternative sputtering techniques may enable structuring of MPc films
while minimizing surface damage. Recently, Ceo ion beams have been used to
minimize sputtering damage to organic films during analysis [260-264].
Increasing the incident angle of the ion beam has been found to further
minimize sputtering damage [264]. Coincidentally, Ceo is the acceptor
molecule commonly used with MPc materials in the active layer of small
molecule OPV devices. This may be very suitable if ion energies are used that
are conducive to maintaining molecular structure, particularly since any
residue in the film from the ion beam may be functional in the active layer.
Therefore, attempting damage-free, ion-induced structuring of MPc films

with Ceo is a topic worthy of further investigation.

6.4. Summary

This chapter investigated the effects of argon plasma etching on metal
phthalocyanine thin films. Planar films of these materials are readily
transformed into nanopillar films with dimensions extremely well suited to
OPV devices. The films maintain much of their original molecular
characteristics, such as absorbance profiles and crystalline order. However,
changes to the surface composition suggest that the ion bombardment causes
fragmentation of the molecules at the film surface, leaving the films with
much higher electrical resistance, thus making it difficult to exploit their ideal
film morphology to improve OPV device performance. Meanwhile, the
morphology changes point to additional complexity for depth profiling of

multilayer films containing these materials.
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7 . NANOPILLAR ITO VIA Ar PLASMA!

This chapter presents vertically aligned ITO nanopillar films achieved
by exposing planar ITO films to Ar plasma, as shown in Figure 7.1. The etch
conditions determine the size, spacing, and aspect ratio of the pillars.
Annealing in air and forming gas is used to recover and optimize the optical
transmittance and electrical conductivity of the nanopillar films. The final
product is an ITO film whose superior optical transmittance and strong
electrical conductivity combine with its robust columnar morphology and
processing scalability to make it suitable for use in highly absorbing organic

solar cells.

ITO nanopillar formation: increasing etch time

Figure 7.1  Illustration of nanopillar ITO formation due to argon plasma etching.

7.1. Introduction

Indium tin oxide (ITO) is a transparent conducting oxide commonly
used for sensors, displays, light emitting diodes, and solar cells [146,274-285].
It is most commonly used as a planar film, but in some cases higher surface

Portions of this chapter have been reprinted with permission from [179].
Copyright [2012], American Vacuum Society. 109



Chapter 7. Nanopillar ITO via Ar plasma

area is useful. In particular, polymer OPV devices stand to benefit from
nanostructured electrodes which could facilitate charge carrier collection
from materials with poor mobilities. In these devices, optimal efficiency is
typically achieved with active layers around 80 nm in thickness and is quite
sensitive to variation [16,17,50,285-288], which presents serious challenges
from a manufacturing perspective [289]. Thicker active layers (200 ~ 300 nm)
are desired to improve absorption and reduce the sensitivity of performance
to thickness variation [289-291]. However, this leads to increased series
resistance and reduced quantum efficiency as a result of the poor charge
carrier transport properties of the polymer and the build-up of space charge.
Thus, in the absence of materials with higher mobilities, a new strategy for
improved charge collection is required. Nanostructured ITO electrodes
provide a solution to these issues by facilitating charge collection and thereby
enabling performance improvements, as shown previously [193,292-296].

A nanostructured electrode could also be useful for small molecule
OPV devices, not only with a MH]J (similar to polymer devices), but also for a
conformal coating approach, as illustrated in Figure 7.2. In this case, exciton
transport to the D/A interface would occur orthogonally to the direction of
incoming light, so na and neo could be decoupled. As a result, na could be
maximized while maintaining a very thin donor layer, which would ensure
that neo and necc remain high as well. Electrons would have to travel a further
distance through the acceptor to reach the cathode, but this would likely not
be a serious issue given the superb transport properties of fullerenes.
Achieving a conformal coating may be challenging, but a technique such as
electrodeposition may be useful here, which has been used previously to
create CuPc nanowire structures [297,298]. Alternatively, layer-by-layer
deposition of a CuPc-based active layer has been demonstrated [299], which
may be another route to conformally coating a nanostructured electrode.
These studies are left for future work, while the current chapter focuses on
structuring ITO.

Nanostructured ITO has been performed using a variety of techniques

[300-304], but a more robust, uniform, columnar morphology is still needed.
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Figure 7.2  Cross-sectional device architecture for a) a conventional bilayer OPV
device, and b) a nanostructured electrode device with conformal

donor layer coating.

This chapter employs the use of argon plasma etching, an established and
scalable manufacturing process which enables large-area uniformity and a
variety of tunable parameters for application specific optimization. This
approach requires no additional deposition of material and lends itself well to
current manufacturing processes. Uniform nanopillar arrays with appealing
dimensions for OPV devices are achieved.

Etching of ITO in optoelectronic devices is often used to pattern films
at the microscale via lithography [277,280,282,305]. Ion beam erosion has been
found previously to modify the surface morphology of several metals and
semiconductors [245,246,252-255,306], but is usually undesirable. This
chapter presents a variety of appealing nanopillar ITO film morphologies
achieved by the use of argon plasma etching.
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7.2. Experimental Details

Commercial ITO was acquired from Delta Technologies (10 cm x 10
cm, 8-12 Q/g, 120 + 10 nm thickness on 1.1 mm polished corning float glass),
diced into 1 inch squares, and rinsed with IPA and deionized water before
use. Etching was performed in an RIE chamber (Oxford Plasmalab pEtch) at
between 150 — 190 mTorr (regulated by an exhaust control valve), with 110
sccm Ar gas flow and RF power of 200 — 290 W (13.56 MHz). A two-stage
annealing procedure was used to improve the optical and electrical properties
of the films, as described in [193]: 90 min at 500°C in air followed by 60 min at
375°C in 5% H: (balance Ar). Images were acquired with a Hitachi field
emission S-4800 SEM. Optical transmittance was measured with a Perkin
Elmer Lambda 900 UV/VIS/NIR spectrophotometer and sheet resistance was
measured with a four-point probe. X-ray photoelectron spectroscopy (XPS)
and ultraviolet photoelectron spectroscopy (UPS) were performed at high
vacuum (< 5 x 101° Torr) with a Kratos Ultra spectrometer, using Al Ko (hv =
1486.71 eV) and He I (hv = 21.21 eV) radiation sources, respectively. A 10 min
air plasma clean was performed prior to analysis to replicate OPV device
fabrication conditions. X-ray diffraction (XRD) data was collected by Michael
Fleischauer using a Bruker D8 diffractometer equipped with a Cu source and

area detector, calibrated against a silver behenate reference standard.

7.3. Results and Discussion
7.3.1. Nanopillar ITO formation

The most uniform morphology of 20 ~ 30 nm diameter ITO nanopillars
was achieved by etching commercial ITO samples with Ar plasma at 190
mTorr and 220 W. To illustrate the evolution of ITO nanopillars as they are
formed, structured films were made using etch times of 5 min, 10 min, and 20
min (see Figure 7.3). In this case, 9 samples were present during the 5 min
etch, 6 remained for the following 5 min etch, and 3 remained for the final 10

min etch. As such, the 10 min sample saw one interruption during etching
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a) commercial

Figure 7.3 SEM images of a) the original commercial ITO film, and b-d) the
nanopillar ITO films with different etch times (denoted in the image).

and the 20 min sample saw two. During each interruption, the venting of the
chamber exposed samples to the ambient, and the re-ignition and
stabilization of the plasma was required, which may reduce the average etch
rate compared to a continuous etching process. Additionally, interrupting the

etch process may limit the temperature increases experienced by the samples.

113



Chapter 7. Nanopillar ITO via Ar plasma

At the 5 min mark, only a slight removal of material at grain
boundaries is observed, while further etching reveals thinner columns with
increased spacing and porosity, as seen in Figure 7.3. Film morphology was
consistent across all samples present in the etch chamber, except for areas
within < 5 mm of the sample edge, where extra etching was evident. The
extent of the edge effects was consistent, regardless of the number of samples
in the etch chamber, which indicates that they are an artifact of the substrate
edge and not the edge of the plasma. The number of samples in the etch
chamber did, however, affect the bias voltage (addressed further in Appendix
A). Along with the effects of interrupting the plasma periodically to remove
samples, this could provide a noticeable difference in the morphologies in
Figure 7.3 compared to if they had been etched continuously.

Etched ITO samples typically appeared brown and cloudy; the longer
the etch time, the more opaque the samples became. In addition, their sheet
resistance increased as well. The recovery of optical transparency and

electrical conductivity is discussed in the following section.

7.3.2. Optical and electrical properties

Both the optical transmittance and electrical conductivity were found
to change substantially as a result of the etch process. The absorption of the
film increased with etch time (see Figure 7.4), which is likely due to the
preferential removal of oxygen, leaving a higher presence of metallic indium
[307]. In the most severe case (20 min etch), the transmittance fell to 50% at
500 nm. Sheet resistance was also found to increase with etching (see Table
7.1), which may be caused by increased trapping of dopant entities at the
grain boundaries [308]. This would occur if the ion bombardment from the
plasma is damaging the crystal structure of the film; fortunately, this damage
can be repaired by annealing.

Annealing at 500°C in air was used to recover the optical transmittance
by oxidizing indium, which was followed by annealing at 375°C in 5% H:
(balance Ar) to improve the electrical conductivity by repopulating the
conduction band through the removal of excess oxygen [309]. Both of these
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Table 7.1  Changes to the sheet resistance (Rs, QO/0) of commercial and nanopillar
ITO films due to etching, annealing, and cleaning processes. For the
original commercials films, Rs = 13.0 + 0.1. The relative surface
composition of Sn and In is shown for the final processed film in each
case, as well as the work function.

Rs after Rs after 1st Rs after Rs after
i I )
Etch time etch anneal 2nd anneal  plasma clean Sn/In (V)
commercial - 655+0.7 12.76+0.07 13.10+0.05 0.16+0.02  4.47+0.02

5 min 16.50+0.06 759+02 13.37+0.09 13.46+0.05 0.11+0.03  4.50+0.02
10 min 18.92+0.02 757+09 14.14+0.05 14.46+0.05 0.12+0.03  4.60+0.02
20 min 32.86+0.09 76.8+0.2 21.89+0.09 22.25+0.09 0.14+0.04 4.52+0.02
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Figure 7.4  Transmittance spectra of nanopillar ITO films.

anneals contribute to improvement of film crystallinity, which increases

conductivity by liberating donors from grain boundaries [308]. Morphology
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Figure 7.5 UPS spectra of nanopillar ITO films.

was monitored at each step and did not change (some examples are shown in
Appendix B). The transmittance spectra for before and after the annealing
stages are compared in Figure 7.4.

Remarkably, the 20 min etched sample recovers from being the least
transparent to being the most transparent. In all cases, the etched films
inherited anti-reflective properties compared to the commercial film, due to
the loss of bulk material as well as a porous morphology, which lowers the
refractive index. The final sheet resistance of the structured ITO films
remained sufficiently low, as seen in Table 7.1. Though the 20 min etched
sample remains more resistive than the rest, its strong lateral conductivity is
remarkable considering it lost over half of its bulk thickness.

Changes to the films’ surface stoichiometry were monitored with XPS,
which was performed with an incident beam angle of 60° to focus on pillar
tops and sides. Atomic concentrations were calculated using the relative peak
intensities while accounting for the atomic sensitivity factors, and the ratio of

Sn to In for each is presented in Table 7.1. Etching appeared to reduce Sn
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Figure 7.6  XRD data for annealed nanopillar ITO films.

content at the surface, though in all cases the surface stoichiometry is similar
to previously published values [310]. The UPS spectra were measured
(without breaking vacuum) to determine work function (), and are shown in
Figure 7.5. The work function values, listed in Table 7.1, show marginal
variation and fall within the range of previously published values for ITO
[310-312]. All of these films are therefore functionally suitable for use in

optoelectronic devices.

7.3.3. Crystallinity analysis

The XRD spectra for the annealed nanopillar ITO films were collected

and compared to that of the commercial film, as shown in Figure 7.6.
According to the calibration routine, the peak positions are accurate to 0.29
0.04°. The films maintain their crystallinity very well, which enables their
recovered conductivity and further demonstrates their sustained suitability
for optoelectronic devices. In particular, the 20 min etched film shows only
slightly diminished peak heights, which is excellent considering how much of
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the planar film has been removed.

7.3.4. Morphologies of different etch conditions

Nanopillar ITO films with vastly different morphologies were
achieved by varying the etch conditions. Nanopillar diameter, spacing, and
uniformity, as well as etch rate, were all determined by the chamber pressure
and RF power used for etching. Some of these alternative film structures are
presented in Figure 7.7. Nanopillar morphology is achieved in all cases, but
more aggressive etching is achieved with higher power and pressure. The
film restructuring is more dramatic in these cases, with pillar diameters
becoming far greater than the average surface grain size (which can be seen in
Figure 7.3a). For the films with narrow features (Figure 7.7c, 7.7d, and 7.3),
preferential erosion of the grain boundaries is likely the primary mechanism
for nanopillar formation, which is often used to explain surface texturing due
to ion bombardment [246,313,314]. A certain amount of redeposition also
occurs in these cases, however, as evidenced by the slight increase in film
thickness. The etch mechanism is less clear for the films with larger pillars,
but may be dominated by redeposition.

It is significant to note that the film in Figure 7.7c appears to have been
etched slightly further than the one in Figure 7.3c, despite being etched under
the same pressure and power for the same amount of time. This is partly
attributed to the difference in substrate area present during etching, which
affects the bias voltage, as mentioned previously. In these cases, two 1 inch
substrates were placed adjacently in the etch chamber and etched for 10
continuous minutes (as opposed to the sequence performed for films in
Figure 7.3). The different degree of etching may also be the result of
interruptions to the etching of films in Figure 7.3. Again, the optical
transmittance was measured at each processing stage, and is shown in Figure
7.8. The sheet resistances were measured after etching and after the two-stage
annealing process, which are compared in Table 7.2. The data here shows
similar trends to those above, where both transmittance and sheet resistance

increase with the degree of etching.
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Figure 7.7
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SEM images of various etched ITO films. The RF power and chamber
pressure in each case were a) 290 W and 190 mTorr; b) 290 W and 150
mTorr; ¢) 220 W and 190 mTorr; and d) 200 W and 150 mTorr.
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Table 7.2 Sheet resistance of various etched ITO films after etching and
annealing stages.

Etch conditions After etch (Q/o) After annealing (Q/o)
290 W, 190 mTorr 3.7+0.1x10° 2.1+£0.2x10°
290 W, 150 mTorr 2165 1527
220 W, 190 mTorr 21.1+0.1 15.6 £0.1
200 W, 150 mTorr 20.4+0.2 15.3+0.1

100
0
80
70
¥ 60
§ ——290 W, 190 mTorr etch + forming gas anneal
g 50 ——290 W, 150 mTorr etch + forming gas anneal
E 220 W, 190 mTorr etch + forming gas anneal
g 20 =200 W, 150 mTorr etch + forming gas anneal
= - = 290 W, 190 mTorr etch + air anneal
- = 290 W, 150 mTorr etch + air anneal
30 — = 220 W, 190 mTorr etch + air anneal
— = 200 W, 150 mTorr etch + air anneal
2o W KL S e 200 W, 150 mTorr etch
------- 220 W, 190 mTorr etch
------- 290 W, 150 mTorr etch
L 1 290 W, 190 mTorr etch
commercial
0
300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 7.8 = Transmittance of etched ITO films at different processing stages.
7.3.5. Etching thicker ITO films

Much thicker OPV devices require much thicker structured electrodes.
Figure 7.9 shows some preliminary results from etching a 400 nm thick
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Figure 7.9  Aerial view SEM images of thick commercial and nanopillar ITO films

(insets are side views). Scale bars are 500 nm.

commercial ITO film. Two different etches were performed, in which only the
RF power was changed. The pressure was held at 190 mTorr with argon, as
usual. Again, nanopillar structures are revealed in the etched films, with

considerably larger column diameters. Interestingly, the bulk film thickness is

121



Chapter 7. Nanopillar ITO via Ar plasma

hardly changed in the 220 W etch case; meanwhile nanopillars grew up to 500
nm or more. This indicates a much more complex etch mechanism than
simply sputter erosion. Re-deposition of material during etching is clearly
evident. Though these structured ITO films are not yet optimized for OPV
devices, they illustrate the great potential of the technique in yielding truly

uniform, robust, columnar electrodes for OPV applications.

7.4. Summary

The preparation of nanostructured ITO thin films using argon plasma
etching was shown. Nanopillar films are achieved with a variety of
morphologies, as determined by the etch conditions and substrate area
present during etching. These films exhibit excellent optical transmittance
and electrical conductivity, which are accomplished by sequential annealing
in air and forming gas. The morphologies and properties of these nanopillar
films make them suitable for use in highly efficient optoelectronic devices,
particularly OPVs. Conformal coating of these structured electrodes with
either an interface material for polymer devices, or a small molecule donor
layer for molecular devices, is necessary for successful device integration.
Work in this area is ongoing. In addition, the results in this chapter warrant
further work on plasma etching of metal oxide thin films for applications in

other areas, such as batteries, fuel cells, sensors, and anti-reflective coatings.
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8 . CONCLUSIONS

8.1. Summary of Thesis Results

This thesis outlines several new methods that may be used to achieve
structured, ordered heterojunctions in organic photovoltaic (OPV) devices for
improved photoconversion efficiency. Control over donor layer morphology
is demonstrated by using glancing angle deposition, block copolymer surface
patterning, solvent recrystallization, and argon plasma etching. A structured
electrode is also presented, which gives rise to completely different OPV

device architecture possibilities.

8.1.1. GLAD MPc thin films and OPV devices

A large variety of metal phthalocyanine (MPc) film morphologies were
achieved using the glancing angle deposition (GLAD) technique. As with
many other organic materials, the increased surface diffusion of molecules
encouraged a high degree of column broadening. This was mitigated by use
of ¢-sweep substrate motion during deposition, which enabled the fabrication
of very uniform slanted post film morphologies. Average column diameters
of around 40 ~ 50 nm were maintained while growing films even far beyond
the ideal 200 nm thickness.

Integrating GLAD MPc layers into OPV devices required filling with
an organic acceptor material. The most effective route to filling is with
solution casting, which presented challenges regarding the effects of solvents
on the MPc layer. Several solvents were evaluated for this purpose, most of
which were found to significantly recrystallize the MPc material upon direct
exposure with the film. Significant changes to the films’ properties were
observed as a result, from both an absorbance and a crystallinity perspective.
The recrystallized films exhibited resilience to further morphology changes
when coated with PCBM in chlorobenzene (CB), suggesting that this solvent
is less able to act on the MPc layer when loaded with PCBM. Furthermore,
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analysis with SIMS was used to confirm that the bilayer architecture is
preserved when coating a planar ZnPc film with PCBM in CB. A distinct
region of Zn was observed well below the active layer surface in this case.
However, somewhat of a mixed heterojunction was seen when using
dichlorobenzene (DCB) as the PCBM solvent in the same scenario. In this
case, Zn was not only observed throughout the entire active layer, it was even
present at the surface. Surprisingly, this result turned out to be beneficial for
device operation.

The optimization of a bilayer OPV device was performed, which
served as the foundation for identifying performance improvements due to
nanostructuring. Film thicknesses were each optimized, and the effects of
ambient exposure were identified to minimize device degradation prior to
testing. While PEDOT:PSS and MPc films survived well in atmospheric
conditions, the PCBM layer degraded rapidly when exposed to oxygen. Such
exposure was therefore minimized during processing. Incorporating an
exciton blocking layer at the cathode was able to improve device performance
substantially, by alleviating damage to the active layer during the metal
deposition. The purity of the MPc source materials was also found to be a
critical factor affecting performance. Despite the various sensitivities
observed for these devices, careful control of these factors enabled the effects
of nanostructuring to be observed and evaluated.

The optimization of a ZnPc/PCBM active layer involved a balance of
solvent effects and nanostructuring via GLAD. Photoconversion efficiencies
of up to 3.0% were seen for devices made with a thin structured ZnPc layer
when DCB was used as the PCBM solvent. These devices achieved an average
efficiency of 2.86%, which compared well with the 2.3% result seen by both
bilayer devices using the same solvent, and structured devices made using
CB as the PCBM solvent. Despite the significantly higher absorption of
thicker structured ZnPc films, only a marginal improvement in photocurrent
was seen in these thicker devices, and the overall performance decreased.
This suggests that the columnar dimensions in these films are still too much

larger than the exciton diffusion length for their structure to be fully utilized.
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The solvent-recrystallized films performed poorly in OPV devices,
presumably due to the modifications in film composition that resulted from
solvent exposure.

In conclusion, nanostructuring via GLAD has shown to improve the
photoconversion efficiency of small molecule OPV devices. Substantial
further improvements are still possible with this approach, if the exciton
diffusion length and columnar film feature diameters can further approach

one another.

8.1.2. Seeded GLAD MPc thin films

Increased order in GLAD films was demonstrated through the use of
seeded substrates. Columnar films with the most relevant dimensions were
obtained by using block copolymer substrate seeding techniques, which
enabled the column spacing to be varied between 40 and 60 nm. Perfect
adherence to the surface patterns enabled periodic columnar arrays of ZnPc
to be fabricated on Si surfaces. The degree of consistency achieved here,
regarding column diameter and spacing, surpasses that seen with any other
technique used to deposit MPc materials thus far.

When grown to thicknesses much greater than the seed spacing, these
seeded films deviate from the original pattern. Nevertheless, column
diameters are reduced by using seeded substrates, and the column densities
of seeded films are much higher than those grown on bare surfaces. Both of
these characteristics would be advantageous in a device context, provided the
seeding could occur in a manner compatible with device fabrication. Seeded
ITO surfaces were demonstrated, and the fabrication of SiO: seed patterns on
Si was performed as well. These achievements provide an avenue for device-
compatible seeding processes, but further work is needed for complete device

integration.

8.1.3. Ion bombarded MPc films

One of the most unforeseen events over the course of the work in the
thesis was the formation of vertically aligned nanopillar films that resulted
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from etching planar films with argon plasma. The dimensions of the film
features seen here are extremely well-suited to the short exciton diffusion
lengths in MPc materials. Additionally, the columnar geometries in this case
appear to be more structurally robust than those grown with GLAD. A
significant amount of MPc material remains in the film, as evidenced by well-
maintained absorbance profiles. Upon further analysis, however, significant
changes to the surface stoichiometry were seen, indicating a thin layer of
surface damage overlaying the film. This damaged surface translates into a
non-functioning active layer interface when used in an OPV device, where no
photocurrent is seen. Nevertheless, MPc molecules are known to be resilient
against fragmentation when subject to impacts of tens of eV. Therefore, by
use of other ion energies or chemistries, undamaging ion-induced MPc film
structuring may yet be possible, which poses intriguing possibilities for small

molecule OPV devices.

8.1.4. Nanopillar ITO via Ar plasma

Argon plasma etching was capable of inducing morphology changes in
ITO films as well. Nanopillar ITO films were created out of commercial ones
by the same means as MPc etching, but with longer etch times. In these cases,
however, many more film varieties were possible and film properties could
be recovered. Nanopillar diameters ranged from tens to hundreds of
nanometers, and the variation in possible pillar heights was even greater.

Fortunately, the ion-induced damage to these films could be reversed
by means of a two-stage annealing process in air and forming gas. Whereas
etching left the films rather opaque, the annealed films showed even greater
transmittance than the original commercial film. The surface texturing acts as
an anti-reflection coating as a result of its lower index of refraction. Similarly,
though the sheet resistance increased dramatically as a result of etching, it
was nearly recovered in the annealed films despite reductions in the bulk
layer thickness. Finally, the work function of the nanopillar ITO films closely
matched that of the original commercial film. Therefore, these nanopillar ITO

tilms maintain their suitability for use in optoelectronic devices, and thereby
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provide a compelling approach to preparing and utilizing nanostructured
electrodes at a manufacturing scale. The platform established here may be
developed further for applications in a variety of areas, including organic

solar cells, batteries, fuel cells, sensors, and anti-reflection coatings.

8.2. Future Work
8.2.1. GLAD MPc thin films and OPV devices

Further improvements to GLAD-structured donor layers in OPV
devices are still possible if the columnar diameters in these films can be
turther constrained. It is well known that surface treatments can be used to
encourage different molecular orientations of MPc films as they grow;
perhaps these same treatments would also yield different GLAD film
morphologies, preferably with thinner columns and tighter spacing.

A more comprehensive survey of GLAD small molecule films would
yield further insight into the benefits imposed by nanostructuring. A
comparison between materials with different exciton diffusion lengths and
charge carrier mobilities may help to identify the required combination of
parameters that would enable fully optimized GLAD structured devices.
Materials with high exciton lifetimes are desired most; if any such materials
emerge, they should be targeted first for structuring with GLAD.

The recrystallization effects of organic solvents on MPc films open up a
variety of future possibilities. Further work with different PCBM solvents and
concentrations may lead to increased control over the degree of material
mixing at the interface. New acceptor materials could also be pursued in
order to achieve a pristine interdigitated device. Materials that can be cast
using solvents that do not dissolve the MPc layer would be preferred.

By eliminating the exposure of PCBM films to oxygen prior to testing,
degradation could be minimized, and better performance would be observed.
Any efforts here should keep in mind that MPc films may not benefit from
completely inert environments; oxygen exposure may be necessary here,

prior to PCBM application.
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8.2.2. Seeded GLAD MPc thin films

Many of the film morphologies achieved with block copolymer
substrate seeding are already very appealing from an OPV device
perspective. Integration into devices requires further optimization of the ITO
surface seeding process to incorporate the SiO: seeds already accomplished
on Si. Conveniently, the surface seeding process ends with an oxygen plasma
cleaning stage, which is the first stage of device fabrication. Currently, the
optimized plasma conditions for these processes are different, which must be
reconciled for successful device fabrication. These issues are fundamentally

solvable and devices incorporating seeded MPc layers should be possible.

8.2.3. Ion bombarded MPc films

The surface damage imposed by argon plasma on MPc films is severe.
So far, however, only a few variations of the etch process have been
performed. The possibility for damage-free ion-induced structuring of these
films, via different ion energies and etch chemistries, remains. Depending on
the extent of the damage, repairing the surface via annealing may be possible.
Additional experiments and analysis will reveal whether catastrophic surface

damage is fundamentally preventable, repairable, or neither.

8.2.4. Nanopillar ITO via Ar plasma

The outstanding morphologies and properties of nanopillar ITO films
shown in this thesis warrant the most immediate attention of future
investigators. Two key achievements remain here that would enable
improved polymer OPV devices. Firstly, a better understanding of the etching
and growth mechanisms in the thicker ITO films is necessary, to enable the
superb nanopillar dimensions observed in thinner films to extend into much
thicker ones. Secondly, the development of a surface treatment or interface
layer that replaces PEDOT:PSS is necessary. This layer or treatment must
maintain the morphology of the structured electrode while facilitating hole

transport out of the active layer. New surface treatments to eliminate the
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PEDOT:PSS layer are a current topic of great interest; attention must be paid
here to identify any that would be suitable to a structured electrode. Again, in
this case the challenges are fundamentally solvable, and the possibilities

posed by doing so are compelling.

8.3. Final remarks

The goal of this thesis was to demonstrate the formation of small
molecule thin films with nanoscale morphologies designed specifically for
OPV devices. This has been achieved by employing a variety of
nanofabrication techniques, and improvements in device performance were
achieved as a result. Many unexpected phenomena were encountered as a
result of these endeavours, which provide new and exciting possibilities for
turther OPV device improvements. With the appropriate balance of skill and
luck, further development of these device designs may contribute to the
bright outlook for organic solar systems, and ultimately the design of new

energy infrastructure less dependent on fossil fuels.
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APPENDIX A

Effect of number of substrates present in etch chamber on bias voltage

As noted in Chapter 7, the etch rate and ITO nanopillar morphology
appeared to depend somewhat on the amount of substrate area present in the
etching chamber. Specifically, the etch rate decreased when etching more
samples at once. The RF power of the system used here is defined and
maintained according to user input. The voltage used by the system to
accomplish this power is therefore dependent on the impedance of the
plasma. Changes in the voltage were recorded as additional substrates were
introduced in the etch chamber. As shown in Table A.1, the voltage rises in
response to the presence of extra substrates. To ensure consistent power, a
voltage rise corresponds with a decreased current, which could partly explain
the lower etch rates observed when extra substrates were added. Evidently,
the total substrate area has a noticeable effect on the impedance of the plasma
and thus the etch performance; attention must be paid to this detail for
etching at a larger scale.

The Ar flow during all of these measurements was 110 sccm, and the
exhaust line valve was not adjusted between any of measurements 1 - 6. For
measurements 7 - 13 the exhaust line valve was adjusted slightly each time to
ensure a consistent 190 mTorr reading. The chamber was vented between
each measurement, including measurements 5 and 6 where it was vented
solely to check the consistency between pump-downs, without changing the

number of substrates or their orientation.

160



Appendix A

Table A.1  Pressure, power, and voltage data for the plasma etch reactor with
different numbers of samples present.

Measurement  Substrates in etch chamber ~ Pressure (mTorr) RF Power (W) Voltage (V)
1 0 190 +2 2201 35.0+£0.5
2 2 187 +2 220+1 36.0+05
3 4 185+2 2201 36.0+0.5
4 9 187 +2 2201 37.0+0.5
5 16 187 +2 2201 38.0+0.5
6 16 187 +2 2201 38.0+0.5
7 16 190 £ 2 2201 38.0+0.5
8 9 190 £ 2 2201 37.0+0.5
9 6 190 £ 2 2201 36.0+0.5
10 4 190 £ 2 2201 36.0+0.5
11 3 190 £ 2 2201 36.0+0.5
12 2 190 £ 2 2201 36.0+0.5
13 0 190 £ 2 2201 35.0+0.5

161



APPENDIX B

Effects of annealing on morphology

As noted in Chapter 7, the nanopillar ITO morphology was unaffected

by annealing. Some examples are shown below.

Sample A, after etchmg Sample B, after etching

Figure B.1 Annealing does not appear to affect nanopillar ITO morphology.



