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Abstract

With the growing importance of organic photovoltaics (OPVs) as an attractive, low
cost and sustainable energy source the field has been investigated intensively, showing
high potential for commercialisation. To further improve device performance, different
routes of development have been explored targeting interfaces that play a crucial role in
device performance including the donor (D)/acceptor (A) and electrode/photoactive layer

interfaces, as well as incorporation of new materials.

Vertical co-deposition of water-soluble small molecule copper(Il) phthalocyanine-
tetrasulfonic acid tetrasodium salt (TSCuPc) and polymeric sodium poly[2-(3-
thienyl)ethoxy-4-butylsulfonate] (PTEBS) with polystyrene (PS) nanospheres to
template, followed by solvent vapour sphere removal, is shown as an excellent method to
generate three-dimensionally ordered macroporous large area thin films of sub-100 nm
pore size. After a subsequent infiltration by the electron acceptor phenyl-Cg;-butyric acid
methyl ester (PCBM), three-dimensionally (3D) interdigitated D-A composite structures
are generated which are further implemented in complete OPV devices. PTEBS based 3D
nanostructured D-A composite devices reached a comparable performance to planar
reference devices but did not show the expected photocurrent improvement. This is most
likely due to the complexity of this multistep fabrication method and the large probability
if impurities in the films. However, it demonstrates a new approach towards
nanoengineered 3D interdigitated organic D-A composite OPV devices.

For this templating technique monodisperse sub-100 nm PS nanospheres were
synthesised by radical initiated surfactant-free emulsion polymerisation controlling
different parameters with particular focus on styrene-4-sulfonic acid sodium salt (NaSS)
co-monomer concentration. Furthermore, planar heterojunction OPV devices from
TSCuPc and PTEBS were studied in detail and optimised for further understanding of the

3D D-A composite devices.
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A substantial increase in device performance and operational stability in solution
processed inverted bulk heterojunction (BHJ) OPVs is demonstrated by introducing a
zinc oxide (ZnO) or titanium oxide (TiOy) interlayer between the electron collecting
bottom electrode and the photoactive blend of poly(3-hexylthiophene) (P3HT) and
PCBM. The introduction of transition metal oxide (TMO) interlayers resulted in a
remarkable increase in power conversion efficiency (PCE) with a maximum value of
4.91 %. The structure and morphology of the dense, planar ZnO layers was controlled

either by electrodeposition or spray pyrolysis techniques.

Organic/inorganic hybrid OPVs combine the advantages of both types of
semiconductors and offer an alternative to replace fullerene based electron acceptor
materials. The small molecule organic semiconductor, boron subphthalocyanine chloride
(SubPc), is a promising donor material for fabrication of inverted planar hybrid solar
devices using TiOyx as the electron acceptor. The TiOyx/SubPc cells demonstrate
performance characteristics comparable to the best-reported polymer/TiOx hybrid cells. A
relatively high photocurrent and a maximum external quantum efficiency (EQE) of 20 %

lead to a PCE of 0.4 % under AM 1.5 solar illumination.
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Chapter 1: Introduction

Chapter 1: Introduction

In this chapter a general overview is given of the need of photovoltaic (PV) and
organic photovoltaic (OPV) devices in particular, including the background and
challenges. The general theory and concepts of semiconductors and devices are also
explained. Furthermore, the materials used and their properties are explained in detail.
Another section covers the concept of interface modification including template assisted
nanostructuring, the use of electrode interlayers and hybrid device structures. The chapter

is closed with an outline of the project motivation and the thesis content.

1.1 General overview

This section covers the world’s energy challenge and how PVs, and more
specifically OPVs, can contribute to a sustainable solution. In a general background
section the different types of PVs are broadly explained dividing them into three
technology generations, with OPVs being the least advanced. More details on OPV

development and its challenges are revealed in the last section.

1.1.1 The need for PVs

With increasing world population and growing industrial use a steep increase in
global energy demand is unavoidable. Conventional energy sources, including fossil fuels
such as oil, gas and coal are limited in supply, and the predicted production peak is likely
to be reached soon. With combustion based energy supply come two of the biggest
threats to human and animal health: air pollution and greenhouse gases associated with
global warming.!"J Emitted carbon dioxide (CO,) is a greenhouse gas and one of the main
contributors to global warming, which has already led to a rise of the earth’s global mean
surface temperature by 0.6 °C during the twentieth century."”!

To meet the increasing energy demand, but also to work towards clean,

renewable, emission-free energy supply, new alternative and sustainable energy sources
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are required including hydro, wind, wave, tidal, biomass, geothermal and solar power.[s’ 4

Most of these technologies are either directly or indirectly fuelled by the sun, which is the
only non-polluting renewable energy source available to mankind on a sufficient scale to
cover present and future demand. PV devices offer an amazing potential to harvest and
convert solar power into electricity due to their great flexibility and compatibility for
powering portable devices and local grids to the attachment to buildings, modern
transport vehicles, including solar cars, boats and even airplanes, but also applications in
space technology."!

The current challenge is to overcome the high energy input and fabrication cost
involved in the production of PV devices. OPVs offer the potential of a new low-cost
renewable solar PV technology which could potentially lead to such a large-scale

application.'®

1.1.2 Background to PVs

Edmund Bequerel discovered the photovoltaic effect in 1839, but it took a further
100 years until the first successful PV devices were developed. After the discovery and
development of p-n junction doping in crystalline silicon and progress in the fabrication
of high quality silicon wafers in the 1950s, this technology rapidly developed into a
relatively efficient, commercialised energy source.”) With silicon solar technology based
on doped group IV semiconductors the first generation of PVs was born with two more
generations to follow.

Conventional inorganic solar panels for terrestrial use are based on mono- or
poly-crystalline p-n doped silicon with efficiencies of up to 25 %, but latest
technologies have already passed this limit (see Figure 1.1)®). Crystalline silicon cells
require a high energy input for large-scale production with high fabrication costs.
Amorphous silicon with much lower fabrication cost can also be employed but leads to a
lower cell efficiency of ~10 %.!*!

Second generation cells were developed shortly after the first, employing element
combinations from groups III and V, e.g. gallium arsenide (GaAs) and indium phosphide

(InP), or II and VI, e.g. cadmium sulphide (CdS) and cadmium telluride (CdTe), enabling
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the growth of thin inorganic films which can be tailored in absorption behaviour to the
solar spectrum.'” High efficiencies have been reached with multijunction III-V cells
with around 36 %."! Major drawbacks are the low abundance and high toxicity of certain
elements used in the cells.

The latest generation of PVs are organic and organic/inorganic hybrid PVs which
rely on stable exciton formation and efficient exciton diffusion. The cells usually employ
at least one organic electron donor material in the form of a dye or chromophore thin film
to harvest sun light. In most types of OPVs an organic compound is also employed as an
electron acceptor material. All organic compounds consist mainly of the elements carbon,
nitrogen, oxygen and hydrogen with variations of metals in complexes and other
elements. The main advantages of this emerging generation are the use of low-cost
compounds and fabrication technology, as well as favourable properties such as

flexibility, non-toxic materials and low overall weight.!'!)
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Figure 1.1 Development of PV devices including OPVs quoting the efficiencies for different technologies
from1976 until 2010."
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Excitonic solar cells or OPVs can be divided into three main categories: dye-
sensitised solar cells (DSSC), OPVs based on either small molecules or polymers, and
hybrid organic/inorganic OPVs. The development of most PV technologies is
summarised in Figure 1.1.”]

DSSCs were initially invented in 1991 by O’Regan and Graetzel and reached an
early record of 12 % power conversion efficiency (PCE).'"?! The concept is based on a
photo-electrochemical PV cell with a dye as a photon acceptor and electron donor,
titanium dioxide (TiO,) as an electron acceptor and an electrolyte to enable redox
chemistry and charge transfer between the photo-sites and the electrode.!"* '*! All other

solid state OPVs are explained in detail in the following sections.

1.1.3 Development of OPVs

Early organic solar cells were based on small molecule single layer structures.
These devices were made by deposition of conjugated molecules such as phthalocyanines
or porphyrins as thin film layers of thicknesses around 100 nm sandwiched between two
electrodes.!'”! Exciton dissociation in such Schottky cells is based on either defects and
traps within the organic film or dissociation in the thin depletion region close to the
electrode which makes such a device very inefficient. The first major advance was the
substitution of one metal electrode by a metal oxide coated electrode providing an
electrode workfunction difference. This type of PV cell is known as a metal-insulator-
semiconductor (MIS) device.'® An important step was made by Tang in 1986 who
established a new solar cell structure by using an organic/organic heterojunction.!"” By
employing two organic semiconductors, copper phthalocyanine (CuPc) as an electron
donor and a perylene derivative, 3,4,9,10-perylenetetracarboxylic bis-benzimidazole
(PTCBI), as an electron acceptor with different energy level offsets, significantly
improved exciton separation at the electron donor/acceptor (D/A) interface was achieved.
The cell efficiency was also improved due to both better separation of electron and hole
transport in the appropriate films and less charge recombination in the two different

materials. A further improvement was the use of Buckminster fullerene (Ce) in organic
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solar cells, a material which was discovered by Kroto et al. in 1985.1"%8 Cgo makes an
ideal electron acceptor and provides a relatively large exciton diffusion length, Lp.["!

By employing Ce in a heterojunction device architecture, the organic solar device
performance increased significantly. In the last few years, devices employing vacuum
deposited small molecules, such as phthalocyanines, subphthalocyanines, anthracenes
and oligothiophenes reached device efficiencies of up to 5.2 %.12*%]

One of the crucial efficiency limiting factors in OPVs is the relatively short Lp in
the range of a few tens of nanometres in polycrystalline organic semiconductors as photo-
generated excitons have to reach the heterojunction interface for efficient exciton
dissociation before recombining.****! A more detailed description can be found in
Section 1.2.2. Therefore, a main part of organic heterojunction device performance
optimisation is to find a compromise of the film thickness required for maximum
absorbance and the limited Lp for efficient exciton dissociation.?® " This problem is
also the main limiting factor of simple planar bilayer OPV devices.

By stacking two or more cells with the same or complementary optical band gaps
in a tandem arrangement equipped with just a thin recombination layer, the layer
thickness in the individual cells can be kept thin to match Lp with increased light
absorption in the additional layers. The series connection of the cells leads to an increase
in open-circuit voltage (Voc).*® ?*) Therefore, the efficiency can be significantly
improved as demonstrated for small molecules by Cheyns et al. with 5.2 %" and
Heliatek with 8.3 %,"°" as well as for polymer/fullerene systems by Sista er al with
5.8%5% and by Kim e al. with 6.5 %" reported for all-solution processed tandem
devices.

Another way to improve the device current density is intermixing of the donor
and acceptor material to minimise the exciton pathway. In 1995 the first intermixed bulk
heterojunction (BHJ) OPV device was fabricated by Heeger et al. by spin-coating a
solution mixture of an electron donor polymer and electron acceptor fullerene
derivative.”* The main advantage of this type of cell is that spontaneous phase
segregation takes place between the electron donor (polymer) and electron acceptor

(fullerene derivative), which leads to the formation of nanoscale domains.*>**! This

phenomenon enhances the capability of creating an increased heterojunction interfacial
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area allowing higher charge separation efficiency with extremely fast electron transfer
from the donor to the acceptor.””! This resulted in a very rapid development in BHJ OPV
technology with the photoactive blend of poly(3-hexylthiophene) (P3HT) and phenyl-
Ce1-butyric acid methyl ester (PCBM) being the most studied system."*"**) Polymer
design has recently been directed at increasing Voc through intelligent tuning of the
energy level difference between the highest occupied molecular orbital (HOMO) energy
of the electron donor and the lowest unoccupied molecular orbital (LUMO) energy of the
electron acceptor, whilst also optimising light absorption across the solar spectrum.!***.
This development has resulted in PCEs as high as 7.4 %.1*%!

A different approach to solve the Lp problem was a D/A mixed layer system
fabricated by co-deposition with organic molecular beam deposition (OMBD), providing
an interpenetrating D/A interface. This was first introduced by Hiramoto,*”! with
Sullivan and Heutz et al. undertaking further investigations with particular focus on

(48, 49] Very high device performance

50]

mixed layer compositions in the CuPc/Cg system.
efficiencies of 5 % were later reported by Xue et al. using this approach.!

Despite the overall performance improvement in both BHJ and mixed layer
structures through enhanced exciton diffusion efficiency, charge transport is
compromised due to the random nature of these mixed structures.*® To overcome this
problem a more controlled interpenetrating D/A composite structure is required that has
the advantages of mixed layers, but with well structured charge transport paths. OPV
device limitations and new approaches to tackle this issue are discussed in detail in
section 1.4.

Although good progress has been made in recent years, OPVs are at the moment
still not able to compete with inorganic PVs in their PCE. However, despite this lower
efficiency, the cheaper materials and lower manufacturing costs could make them

competitive in the near future, with good market potential.>"!

1.2 Semiconductor and device theory

All types of PVs are based on the combination of different semiconductors and

metals. Semiconductors can be of inorganic or organic nature, but are classified and
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defined the same way using similar concepts and conventions. In order to understand
organic/organic and organic/inorganic heterojunctions, so called hybrid heterojunctions,
as well as the resulting OPV devices, semiconductor theory and its implementation in

OPVs is explained in the following sections.> >

1.2.1 Condensed matter

One atom (N=1) consists of atomic orbitals (AO)s with discrete energy levels,
only (I1s) AOs in the case of hydrogen (1s') and helium (1s?), but multiple AOs for all
other elements. The AOs are populated by paired electrons of opposite spin up to the
chemically active valence level which also allows partially filled orbitals (Figure 1.2).
When two atoms (N=2) with unpaired valence electrons in their AOs are brought in close
proximity, they can form bonds and create a molecule. The bonds are based on orbital
energy splitting leading to a deeper lying, energetically favourable bonding and a higher
energy, unfavourable, anti-bonding molecular orbital (MO) of discrete energies. The
resulting MOs are slightly higher and lower in energy than the original AOs. The
energetically deeper set of MOs is evenly populated with paired electrons establishing the
bond. The higher lying anti-bonding set of MOs is empty. When larger numbers of atoms
are combined (N=large) as found in atomic clusters, multiple splitting with high MO
densities at discrete energy levels are established. This eventually leads to the formation
of continuous bands when a large number is arranged in an ordered crystal. For inorganic
materials the highest occupied band is called the valence band (VB) and the lowest
unoccupied band is called the conduction band (CB). Similarly, for organic materials the
relevant bands, mainly based on extended conjugated systems, are also referred to as
MOs, i.e. highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). Depending on the energy band distribution, which is defined by the
density of states, bands continuously overlap to form a metal or are separated by a band
gap, Eg, to form a semiconductor or insulator. Semiconductors have a small £ of up to
about 4 eV. If E; exceeds 4 eV, it is usually defined as an insulator. Metals are always
conducting due to an excess of delocalised valence electrons which also define the

metallic bonding. Semiconductors are insulating at 0 K, but gain conductivity with
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increased temperature due the population of the CB by thermally excited electrons (Eg <
kgT). This creates vacancies, positively charged holes, in the VB. For insulators the band

gap is too large to be overcome by thermal excitation making charge flow impossible.

Metal Semiconductor/insulator
inorganic organic
A -
>‘ — e — IR I
%D — —— —
£ — CB LUMO
- 4+— E E
g o VB v . HOMOy °
Q S
2 H 7 k +1'y 1] um l y
/ /
VT v =
1] 7 $
' L =

N=2 N=4 N=large Crystal N=2 N=4 N=large Crystal = N=large Crystal

Figure 1.2 As the number of atoms, N, increases towards a cluster and then a crystal, the AOs split first
into discrete, later merged multiple energy levels and finally form bands. In a metal the bonding and anti-
bonding bands are overlapping. In a semiconductor or insulator of organic or inorganic nature, the bands or
MOs are separated by an energy bandgap, E.

As shown in Figure 1.3 the CB edge energy level of a semiconductor is defined
by the electron affinity (Eg4) of the material measured from the vacuum level (Ey,.). Ega
is defined as the least amount of energy needed to remove an electron from a singly
charged negative ion or from the solid to the vacuum level. In other words, it describes
how easy an electron can be accepted by the solid. Ey,. is the energy level at which an
electron from the solid is far enough away such that it does not experience any interaction
forces from the solid. The VB edge is defined by the ionisation potential (E;p), also
measured from the vacuum level. Ejp is the least energy required to remove an electron

from an atom or molecule in its electronically neutral ground-state.
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Figure 1.3 Band profiles of a metal and different types of semiconductors: intrinsic, n-type and p-type.

The likelihood of an electron being found in a certain level with energy FE, is

defined by the Fermi-Dirac probability distribution function, f(E), shown in Equation 1.1,

1
fE) = 55— Equ. 1.1

e kBT 4+1

where kg is Boltzmann’s constant, Er is the Fermi energy or Fermi level, and 7 is
the temperature. Er is the theoretical energy level at which the population probability of
an electron is 0.5. This is of special importance for both metals and semiconductors and
plays a major role in further semiconductor classification. Another important material
parameter linked to E is the workfunction ¢,, which is defined as the potential required

to remove the least bound electron (Equation 1.2).

bw = (EVac - EF) Equ. 1.2

For metals Er defines the band edge of the VB and CB due to band overlap and
the workfunction of the metal, ¢@,, is equal to Ejp.

Semiconductors can be divided into two classes; intrinsic and extrinsic
semiconductors (see Figure 1.3). Extrinsic semiconductors can further be split into n-type
and p-type. Intrinsic semiconductors are assumed to be perfect crystals without any

defects or impurities. At equilibrium, the Er is situated exactly midway between the VB
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and CB in an inorganic semiconductor and between the HOMO and LUMO in an organic
semiconductor with a workfunction ¢. All organic semiconductors if not doped in any
way are considered to be intrinsic semiconductors. n-type semiconductors are
semiconductors doped with impurities which provide additional valence electrons to the
host material. These impurities establish occupied energy levels close to the CB which
also acts as an electron donor level. As a consequence, Er is shifted between these
induced electron donor energy levels and the CB. Equally, when an intrinsic
semiconductor is doped with hole-rich and therefore electron accepting impurities, an
acceptor energy level is established close to the VB with Er being situated in between.
The workfunction of an n-type semiconductor (¢,) is lower and the workfunction of a p-
type semiconductor (¢,) is higher than the ¢ of its equivalent undoped intrinsic

semiconductor.

1.2.2 Principle of operation

A typical heterojunction bilayer OPV device with its energy level schematic in
open circuit condition can be seen in Figure 1.4a. The basic principles of operation of a
D/A heterojunction OPV device, the conversion of solar energy into electrical energy,
can be divided into four steps: light absorption and exciton formation (#,s), exciton
diffusion (#.4), charge transfer (7.) and charge collection (#.). These processes are
shown in the schematic of a closed circuit OPV device in Figure 1.4b.2%>* ! The short-
circuit current (Jsc) of an OPV device depends on these four individual processes.

The external quantum efficiency (EQE) characterises the number of collected
charges per incident photon which can be expressed as the product of the quantum

efficiencies of all the processes involved (see Equation 1.3).0°¢)

EQE = NapsNedNctNcc (Equ. 1.3)

10
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a) Electron donor
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Figure 1.4 Schematic of an OPV heterojunction device in a) open and b) closed circuit condition. b) Basic
principle of operation of a D/A heterojunction OPV device: 1) light absorption and exciton formation 7y,
2) exciton diffusion 7.4, 3) exciton dissociation (charge transfer) ., and 4) charge collection 7. (see also
Equation 1.3 as well as 1.4 to 1.7)

Firstly, an incident photon promotes excitation of an electron from the electronic
singlet ground state, Sy, of a donor (D) to the first electronic singlet excited state, S; (D*)
(Equation 1.4). The resulting electron-hole pair relaxes from the excited state to the
Coulombically stabilised exciton (D) with a binding energy, BEe. (Equation 1.5).
After exciton diffusion to an appropriate interface with an acceptor (A) the exciton
dissociates into separate charge carriers (D) and (A") on either side of the heterojunction
(Equation 1.6). The charge carriers are still bound with Coulombic attraction across the
interface, resulting in a geminate pair (D'-A"). After overcoming the geminate pair

binding energy, BEq.n, the pair splits into free charge carriers (Equation 1.7).

D+ hv - D* (Equ. 1.4)
D* - D) (Equ. 1.5)
DG +A—-DT—A" (Equ. 1.6)
DT—A- - D*+A~ (Equ. 1.7)

11
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In all four stages recombination to Sy can occur, including internal conversion, as
well as exciton, geminate pair and bimolecular recombination.”” **! Any recombination
during the process, before the free charges are collected at either electrode, are counted as
losses which reduce the EQFE and have direct impact on the current output and overall

efficiency achievement.”!

1.2.2.1 Absorption
Conjugated small molecules and polymers have the ability to absorb light from

the visible range of the solar spectrum. The absorption bands are usually intense due to a
good wavefunction overlap of the electronic ground state and lowest excited state. The
transitions can also be influenced by morphology and molecular stacking.”*! When a
photoactive donor molecule absorbs a photon of a discrete energy Av, an electron is
excited from the HOMO to the LUMO leaving a positively charged hole in the HOMO.
This excited state relaxes immediately into an energetically more favourable bound
excited state stabilised by Coulombic attraction of the oppositely charged species. Such
an electron-hole pair is called an exciton and is neutral in electric charge. The efficiency
of this step is referred as maps and it has significant importance for the operation of an

OPV device.[”

1.2.2.2 Excitons
Depending on the nature of the photoactive material, the magnitude of BE,,.

through Coulombic stabilisation can vary from a few meV in inorganic semiconductors
up to a few tenths of an eV for organic semiconductors. BE,,. is mainly defined by the
dielectric constant & of the material.[®"**! Typically, inorganic semiconductors have a
high ¢> 10 which leads to a low BE,.= 5-27 meV, enabling facile exciton dissociation
even at room temperature. For organic semiconductors with low ¢ (~3-4) the BE,,. can

take values between 0.2 and 1.4 eV, but is typically around 0.3-0.6 V.10 %]

12
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Figure 1.5 a) Binding energy diagram of a typical organic (&=4) and inorganic (&=15) semiconductor
comparing the Bohr radius 75 and Coulomb radius r¢ (adapted from Hanna ef al.).°"! The three different
types of excitons include b) Mott-Wannier, ¢) charge-transfer and d) Frenkel exciton.

The type of exciton can be characterised by the factor, y, which is defined by the
ratio of the Coulomb potential radius, 7¢, and the spatial dimensions of an exciton
approximated by Bohr radius, 73 (Figure 1.5a).1 In an inorganic semiconductor, vy is <1
since rg >> rc. The strong interatomic electronic interactions of covalently bound
inorganic atoms allow a large rp leading to delocalised charges. This type of exciton is
called a Mott-Wannier exciton (see Figure 1.5b).1°! The other extreme is a tightly bound
Frenkel exciton found in organic semiconductors, and small molecular semiconductors in
particular, with y > 1 and g < r¢ due to spatial restriction of the exciton wave function to
one molecule (Figure 1.5d). Semiconducting polymers form charge-transfer excitons

which are an intermediate between the other two types. (Figure 1.5¢).[]

1.2.2.3 Exciton diffusion
Excitons are mobile electrostatically neutral species, which can diffuse through a

material via an energy transfer process that is not influenced by electric fields. Due to the
low exciton density generated, the diffusion process is not driven by a density gradient.
The idea of a random hopping process between molecules, domains and whole crystals is

well established as the main exciton diffusion mechanism. Generally, the diffusion

13
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process is measured by the material specific exciton diffusion length Lp, which is a
function of the diffusion coefficient D and average lifetime 7 as can be seen in Equation
1.8. 7 is defined as the average duration from exciton formation to its recombination,

which is typically of the order of nanoseconds.'

Lp, =+Dt (Equ. 1.8)

Typically, Lp in organic semiconductors is far below 100 nm and quoted values

can vary considerably. L for CuPc has been reported between 10 nm and 68 nm,** *°!

for Cgo around 40 nm,"”"! SubPc between 8 and 28 nm,*"

and pentacene around 65
nm.”! For polymeric semiconductors Lp is even lower, typically <10 nm.[®” The
diffusion process can be greatly hindered by early recombination at grain boundaries,
defects and trap sites. Exciton diffusion to an appropriate heterojunction interface is
crucial for efficient exciton dissociation before recombination. This highlights the
dilemma of desired thick films for high absorption and preferred thin films for efficient

exciton diffusion asking for new solutions based on interface nanostructuring (see section

1.4.1). The quantum efficiency of exciton diffusion to an interface is denoted as #.,.

1.2.2.4 Exciton dissociation
To split an exciton successfully into two free charges the initially gained

stabilisation energy of BE,,. in strongly bound Frenkel excitons has to be overcome.
Unlike inorganic semiconductors, excitons in organic semiconductors are unable to gain
the BE,,. equivalent from thermal energy at room temperature, which is roughly 25 meV.
However, the binding energy can be overcome by the favourable energy offset of at least
BE,,. at a D/A heterojunction to build an attractive energy pathway to enhance exciton
dissociation, the development of which proved one of the biggest breakthroughs in OPV
design. For a donor exciton the energy difference between the donor-LUMO and the
acceptor-LUMO has to be greater than BE,,. to allow a favourable path for electron
transport. Accordingly, for an acceptor exciton the energy difference between the
acceptor-HOMO and the donor-HOMO has to be greater than BE,,. to allow a favourable

path for hole transport.””) Charge transfer during dissociation is a very quick process

14
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which only takes a few hundred femtoseconds or less.””” " The dissociation process is
much quicker than any other competing process. This leads to a quantum efficiency #,, of
almost 100 %.2% 72 The charges of the split exciton then rearrange at the D/A interface to
a Coulombically bound geminate pair."”*! The geminate binding energy BEg. 1s high due
to the low dielectric constant.”” " Geminate pair splitting is mainly performed by the

electric build-in field of the device.’* ¢

! To a first approximation the maximum
obtainable V¢ of a specific D/A compound pair is defined by the energy level difference
between the HOMO energy level of the electron donor and the LUMO energy level of the
electron acceptor, also referred to as the effective band gap or interface gap, with

reductions accounting for BE,,,, and band bending.[ég’ 76-78]

1.2.2.5 Charge transport and collection
The free charges after exciton and geminate dissociation have to be transported to

the electrodes and then collected leading to a current flow in an external circuit. In an
OPV device holes are conducted by the electron donor material to the hole collecting
electrode and electrons are conducted by the electron acceptor material to the electron
collecting electrode. The charge collection quantum efficiency 7., depends strongly on
carrier mobility. Charge mobility through an organic semiconducting material is mainly
determined by the crystalline structure of the material. High charge mobilities can be
found in monocrystalline covalently bound inorganic materials where long range
crystalline order allows suitable charge transport pathways. However, organic
semiconductors show weaker intermolecular bonding including van der Waals and n—n
interactions. They tend to be polycrystalline or even amorphous, and hence have much
lower charge carrier mobility based on charge carrier hopping between adjacent

molecules and domains.”’

I Depending on the morphology and crystalline structure of an
organic semiconductor film the mobility varies over several orders of magnitude from
10°-107 em®V''s™ for disordered amorphous films to more than 1 cm®V™'s™ for ordered
crystalline materials.”® Trap and defect sites can also impede charge transport and slow
them down, which significantly lowers charge mobility. Furthermore, imbalanced charge
mobility of holes and electrons in a device leads to charge build-up in specific layers and

disturbs the build-in field.[”
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Once the charges reach the organic/electrode interface charge injection into the
electrode can take place. The work function of the contacts should align with the relevant
energetic MO or band of the organic (HOMO/LUMO) or inorganic (VB/CB) material,
otherwise energy barriers can hinder charge transfer. In an ideal case there is perfect
alignment with no barrier; an ohmic contact.®™ To obtain good contact energy level
alignments with the limited selection of electrode materials available, electrode
modification using self-assembled monolayers (SAM)s and different substrate treatments
have been employed with great success.®' ¥ Recently, metal oxide interlayers have also
been employed between the electrode and photoactive layers to form intermediate,
energetically well-aligned charge selective contacts with high charge specific
mobility. [ !

Depending on the type of device, fabrication methods and materials, the role of
the specific charge collecting electrodes is interchangeable. Most OPV devices found in
the literature follow the regular D/A device architecture with the transparent bottom
electrode being the hole collection point and the top metal electrode being the electron
collection electrode (see Figure 1.6a). In an acceptor/donor (A/D) inverted device
architecture, the specific charge collecting electrodes are on opposite sides (see Figure
1.6b), giving advantages in certain systems such as vertical phase separation properties in
BHJ OPVs and improved stability through decoupling of the active device layer from
[TO.[86.87]

Hole collecting
electrode

Incoming sunlight

Figure 1.6 Schematic of a) a regular and b) an inverted OPV device architecture with specific charge
collecting electrodes on opposite sides.
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1.3 Materials and properties

In OPV heterojunctions the semiconductor with the HOMO and LUMO energy
level lying closer to the vacuum level and therefore with lower E;p and Egy4 is always
referred to as the electron donor material. The other semiconductor, with the HOMO and
LUMO or VB and CB energy level lying further away from the vacuum level, and
therefore with a higher E;p and Egy, 1s referred to as the electron acceptor. Typical donor
materials are small molecules such as phthalocyanines or polymers such as
polythiophenes. Possible acceptor materials can be either organic, e.g. fullerenes, or
inorganic, e.g. transition metal oxides (TMO) in nature. Efficient devices are based on

compatible D/A combinations with suitable energy level positions.

Figure 1.7 Molecular structures of organic semiconducting materials used in OPVs. a) to f) electron donor
materials: a) MPc, b) CuPc, ¢) TSCuPc, d) SubPc, e) P3HT and f) PTEBS. g) and h) electron acceptor
materials: g) C4 and h) PCBM. i) Exciton blocking material: BCP.
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To achieve efficient charge extraction and minimal charge and exciton losses at
the electrodes, electrode interlayers based on either TMOs or specific organic molecules
are employed. Figure 1.7 introduces the molecular structure of all the organic materials

used in further chapters.

1.3.1 Electron donor materials

1.3.1.1 Phthalocyanines
Since their discovery in 1934, phthalocyanines (Pcs) have been used as dyes in

inks, and colouring for plastics and clothes (Figure 1.7a-c).*® More recently interest in
this class of molecule has been in their use in organic electronics including organic field-
effect transistors (OFET), sensing elements, organic light emitting diodes (OLED) and
OPVs, which demonstrates the versatility of Pcs.12% %!

Pcs are 18 m-electron heteroaromatics, derived from porphyrins, with a large =-
system. These macrocycles, also defined as the phthalocyanato anion (C3H;¢Ng™), can
act as a metal chelating ligand. The central ligand cavity can accommodate as many as 70
different metal ions and metal oxides (MPc), as well as hydrogen in the simple metal-free
type (HoPc).” Pcs prove to be chemically and thermally stable and can be vacuum
deposited. In addition to the variety of metal centres, the molecules can be tuned in their
solvent solubility as well as electronic and crystalline properties by substitution of the
hydrogen groups at the outer ring. Halogenation, for example, shifts the HOMO and
LUMO further away from E,, due to the introduction of electron withdrawing groups
making it a good electron acceptor.”*! Substitution by ionic sodium sulfonic acid groups
(-SO,Na) drastically increases the solubility of otherwise poorly soluble Pcs in water.”"

Blue coloured CuPc and its derivative, 3,4’,4°°,4”"’-copper(Il) phthalocyanine-
tetrasulfonic acid tetrasodium salt (TSCuPc), show good absorption in the range 550-700
nm. With a HOMO at -5.1 eV and the LUMO at -3.5 eV they exhibit suitable electron
donor properties in combination with fullerenes for OPV devices.*®!

Planar Pcs such as CuPc have the ability to undergo co-facial intermolecular

stacking based on n—m system overlap of adjacent molecules. A typical molecular crystal

structure adopted by CuPc and other planar phthalocyanines is the so-called herringbone
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structure shown in Figure 1.8. In this structure the individual molecular stacks are
arranged with a well-defined angle to each other. The crystal arrangement and
morphology depends greatly on thermal treatment, type of substrate, underlying layer and
the nature of any substituents, with bulky substituents leading to larger inter-stack
separation.”> °) Material properties such as charge mobility and exciton diffusion rely
greatly on larger crystalline domains of higher order. In the case of charge mobility Pc
thin films exhibit an anisotropic mobility with enhanced charge transport along the n-n

stacking axis, which influences device behaviour.

a) b)
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Figure 1.8 a) Crystal structure of CuPc in its a-phase. The Cu central atoms are highlighted by the black
markers. b) CuPc crystal alignment on a weakly interacting flat substrate surface.

1.3.1.2 Subphthalocyanines
Subphthalocyanines (SubPcs), a different class of small molecule semiconductor

derived from Pcs, were first synthesised in 1972 by Meller and Ossko in an attempt to
synthesise boron phthalocyanines.””! Boron subphthalocyanine consists of only three N-
fused diiminoisoindole rings arranged around the central B atom with a substituent,
usually a halogen, bound directly to B at the axially accessible top site. The molecule
adapts a non-planar, cone-shaped structure with a 14 n-electron system.'”® Compared to
Pcs, it was only possible to synthesise boron based subphthalocyanines. SubPcs have two
target sites which can be substituted including the organic ligand ring and the open axial

site directly bound to the B centre. SubPcs absorb visible light in the range of 500-650
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nm. Unsubstituted boron subphthalocyanine chloride (SubPc — see Figure 1.7d) serves as
an electron donor with a LUMO of -3.6 eV and a HOMO of -5.6 eV." If substituted on
the ring with appropriate electron withdrawing groups such as halogens, SubPc
derivatives can also act as an electron acceptor.'*” The molecular arrangement in a thin
film was found to be mainly amorphous due to the non-planar molecular structure and the
sterically hindering axial substituent also leading to lower charge mobility compared to

54, 101

planar Pcs.! ] This also leads to pair formation through weak van der Waals

interactions rather than efficient t—r stacking.”®

1.3.1.3 Polythiophenes
Conjugated polymers can undergo an efficient photoinduced charge transfer from

the polymer to a fullerene which was discovered in 1992 by Sariciftci et al.*” Since then
the field of semiconducting organic polymers has progressed dramatically with
polythiophenes (PTs) and poly(phenylene vinylene) (PPV) being just two well-studied
polymer groups out of many with versatile applications not just in OPVs, but also

[102, 103] Usually, such a polymer

OLEDs, OFETs and other organic electronic applications.
chain consists of a huge number of repeat units which create long m-conjugated
sequences. The sequences are divided by chain twists and folds which interrupt the
conjugated system. The m-conjugated system is formed by sp”-hybridised carbon atoms
and is stretched along the polymer chain. The linear combination of the p,—orbital
wavefunctions adds up to an entire band-like m-MO with a broad energy level
distribution.!”” To avoid confusion with inorganic bandgap materials it will still be
referred to as HOMO and LUMO.

To improve processability, polymers such as PTs and PPV were functionalised
with alkyl and alkoxy side chains to make them more soluble. PTs consist of four carbon
atoms and one sulphur atom per repeat unit. A well studied example of PT is P3HT
(Figure 1.7e), which is functionalised with a hexyl side chain. Due to its low lying
LUMO of about -3.0 eV to -3.3 eV and HOMO of -5.0 eV to -5.2 eV and with a broad
absorption range from about 400-650 nm, it proved to be a suitable electron donor

material.!'®" 1! Hole transport takes place through the conjugated polymer backbone but
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also between chains. For highly regioregular P3HT the hole mobility was greatly
improved to 5 x 107107 cm*V's™ 1% P3HT is very soluble in non-polar or weakly
polar solvents such as toluene, chlorobenzene and dichlorobenzene and is mainly
deposited as a blend with PCBM to form BHJ active layers, where it undergoes phase
separation to form larger polymer domains during film formation. A different derivative
is water-soluble sodium poly[2-(3-thienyl)ethoxy-4-butylsulfonate] (PTEBS — see Figure

1.7f) with methoxyalkyl sulfonate side chain group.!'"”!

1.3.2 Electron acceptor materials

1.3.2.1 Fullerenes
Fullerene is an allotrope of carbon alongside diamond, graphite and amorphous

carbon. Spherical fullerene was first discovered by Kroto, Curl and Smalley in 1985
which set the basis for a new class of materials with unique properties.'" The molecules
were named after Buckminster Fuller due to close resemblance of the molecular structure
to his futuristic architecture. The most common fullerene, Cgp, is composed of 60 carbon
atoms forming 12 pentagons and 20 hexagons. All carbon atoms are linked together,
forming one double and two single bonds each leading to sp” hybridisation, which is
shown in Figure 1.7g. Due to such an extended conjugated system, Cg is able to accept
between 6 and 12 electrons, which makes it an ideal electron acceptor and explains its
main application in OPV devices.!'”! With the sp® hybridisation of the entire Cp molecule
a trigonal planar molecular geometry would be preferred. However, the strain induced by
the curved surface forces the molecular geometry much closer to a tetrahedral one, as
found in sp’ configurations. As a result, reactions which saturate the surface, changing
the hybridisation to sp’, lead to energetically more stable products, which explains the
particularly high reactivity with oxygen. One of the characteristics of Cg is its photo-
oxidation under intense light. As a consequence of this, trapped oxygen can cause an
irreversible decrease in conductivity and defect induced recombination due to deep trap
sites.'® 19! This leads to the idea of using more stable acceptor materials in hybrid OPV
devices, where the Cg is replaced by transition metal oxides (TMOs) such as titanium

oxide (TiOx) and zinc oxide (ZnO) which demonstrate similar electron acceptor
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characteristics. Recently, Yang et al. demonstrated the use of organic alternatives to Ceo
based on F;sCuPc.['!"]

Delocalisation of m-electrons spread over the molecule surface lead to free
rotation within all dimensions without a preferential orientation. Due to weak
intermolecular interactions thin films are mainly amorphous with only few crystalline
domains. Ceo thin films absorb light in two regions of the ultraviolet (UV)/visible (vis)
spectrum: There is a broad band in the UV part in the range of 190 to 410 nm and a weak
absorption in the visible part around 410 nm to 620 nm due to a forbidden transition.!"'"
121 With the HOMO at -6.1 ¢V and the LUMO at -4.5 ¢V as well as a high electron
mobility of up to 1 cm’V's! (OFET) Cg is suitable as an electron acceptor.[113 J

Despite its beneficial electronic properties, Ceo has a low solubility in most
organic solvents and is therefore usually vacuum deposited for small molecule OPV
devices. To increase its solubility, Csp was functionalised with a butyric acid methyl ester
group, also known as [6,6]-phenyl-Cg;-butyric acid methyl ester or PCBM (Figure 1.7h).
Due to the large increase in solubility, it found application in solution processed
polymer/PCBM blend based BHJ OPV devices. In such blends phase separation occurs
upon drying and annealing leading to distinct polymer and PCBM domains with a large

active D/A interface, crucial for efficient BHJ OPV devices.

1.3.2.2 Transition metal oxides: ZnO and TiOy
In order to replace less stable fullerenes with chemically and thermally more

stable inert materials, organic/inorganic hybrid OPVs employ inorganic electron acceptor
materials such as TiO, and ZnO.!""*"''®I Both TMOs are cheap alternatives, non-toxic and
versatile in their applications. TiOx and ZnO are [I-VI inorganic semiconductors with a
wide band gap of around 3.2 eV and 3.3 eV respectively.!"'”) Due to their very high
electron mobilities, which are orders of magnitude higher than for organic materials (1
em®V's™ for TiOy and 205 cm”*V™'s™ for ZnO) and high electron affinity (-4.0 eV to -4.3
eV for TiOx and -4.1 eV to -4.5 eV for ZnO), both materials are suitable electron
acceptors.''”) Additionally, TiOy and ZnO are often employed as efficient electron
extraction interlayers between the charge collecting electrode and the photoactive

layers [86, 118, 119]
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TiOx and ZnO can be processed from solution either from nanoparticle suspension
or precursor solution. This enables nanostructuring through templating as well as control
over crystallinity and morphology to optimise structured D/A interfaces or electrode
interlayers. As TiOy is processed from a precursor and then converted to the oxide, the
stoichiometry of Ti and O in the nanocrystalline film can vary and a proper TiO, anatase
might not be obtained throughout the entire film.

ZnO is usually an n-type semiconductor due to the presence of defects such as
oxygen vacancies and zinc interstitials. ZnO preferentially adopts the wurtzite crystal

structure.[1 13

1.3.3 Interlayer and electrode materials

1.3.3.1 Charge extraction interlayers
Similar to the electron extraction layers based on TiOx and ZnO, hole extraction

interlayers can be employed to optimise the contact at the hole collecting electrode. The
quoted VB and CB values for TMOs such as molybdenum oxide (MoOy) and tungsten
oxide (WOy) differ by up to a few eV depending on the source and proposed underlying
operation mechanism, which shows the need for further investigations. Earlier reports
quoted the CB at -2.3 eV and -1.6 ¢V and the VB at -5.3 eV and -5.1 eV for MoOy and
WO, respectively.!'*" 2! However, Kroeger et al. reported that MoO, and WOy had large
workfunctions and are strongly n-type materials due to oxygen defects. For bulk material
the CB was determined to be at -6.7 ¢V and -6.3 eV, the workfunction at -6.9 ¢V and -6.5
eV, and the VB at -9.7 eV and -9.7 eV respectively for MoOy and WO,.!"**! For TMO
thin films of only a few nanometres in thickness, a strong induced dipole at the interface
through charge transfer to the electrode results in a huge vacuum level shift. This leads to
Fermi level pinning of the n-type TMOs to the electrode material. Additionally, band
bending of the adjacent organic material layer towards the TMO occurs up to a few
nanometres into the film which is caused by the induced interface dipole.!'** 124

Both materials are vacuum deposited but can show slight differences in
stoichiometry to perfect MoO3; and WOs after deposition and when in contact with ITO or
a metal electrode.'* A slight lack of oxygen in MoO, and WO, is beneficial for efficient
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charge transfer through created defect and gap states.'*) MoOy and WO, are the most
frequently employed metal oxide hole extraction interlayers in regular and inverted

device architectures.

1.3.3.2 Exciton blocking layer: BCP

Thin films of bathocuproine, 2,9-dimethyl-4,7-diphenyl-1,10-phenantroline
(BCP), are almost transparent, and have been deposited on top of the acceptor layer in
regular device architectures. The molecular structure is shown in Figure 1.7i. BCP has a
large band gap of around 3.5 eV, which leads to the exciton blocking characteristic.!"*”
Excitons diffusing towards the aluminium electrode cannot travel beyond the
acceptor/BCP interface and are not directly quenched at the metal electrode which

128 BCP also acts as a sacrificial layer

otherwise leads to a reduction in efficiency.!
protecting the active organic layer from damage by hot deposited metal from the
electrode deposition. Another role of BCP in a device is the built-in-field improvement
leading to better diode behaviour of the device.'””! Due to the large bandgap, electron
transport through thin layers of BCP is assumed to occur via defect states, which are

introduced by metal bombardment during the first few layers of electrode deposition."*"!

1.3.3.3 Electrode materials: ITO and Al
Indium-tin oxide (ITO), the most common transparent conducting oxide (TCO),

has most properties of a transparent metal and is widely used as the bottom electrode in
OPVs and OLEDs. The high electrical conductivity of the normally insulating indium
oxide arises from tin doping.!*"

ITO is sputtered onto glass and can be chemically treated and modified prior to
deposition. Due to its relatively high workfunction at around -4.7 eV, it is mainly
employed as a hole acceptor from the HOMO of the donor compound, but can collect
electrons in inverted device architectures.

As a top electrode, aluminium (Al) was chosen because of its relatively low

workfunction at -4.3 eV for regular device architectures. The material is low in material

cost, abundant and can be vacuum deposited. Other metals available with low work

24



Chapter 1: Introduction

functions are magnesium and calcium, but have the disadvantage of high chemical
reactivity. Although in inverted devices top electrodes with high workfunctions, such as
gold, are required, Al can still be used in combination with metal oxides, such as MoOy

and WOX.“ZS]

1.4 Device interface modification and nanostructuring

Despite great progress in recent years in OPV development, they still perform
significantly lower in PCE and operational stability compared to inorganic PV
technologies. In order to improve OPVs, crucial interfaces have been identified to have a
large influence on device performance, in particular the D/A and electrode/photoactive
layer interfaces. The interface structure and choice of material at these interfaces is

84.85. 1321341 By developing new methods based on controlled nanoengineering to

critical |
structure and optimise these interfaces, deeper understanding can be gained and device
improvement can be achieved.

As shown in the principle of operation of a D/A heterojunction OPV device, the
conversion efficiency of solar energy into electrical energy is greatly dependant on the
four individual processes determining EQFE and therefore Jsc. Different approaches are
presented to contribute to a solution for improved OPV device performance: D/A
interface nanostructuring, electrode contact interface modification by inserting TMO

interlayers, and organic/inorganic D/A hybrid OPVs as an alternative approach to

fullerene based acceptor materials.

1.4.1 DI/A interface modification

1.4.1.1 Background and development of interface nanostructuring
Light absorption and exciton formation 7, can be enhanced by either improved

material dependant spectral overlap with the solar spectrum but also an increased film
thickness. In order to perform exciton dissociation or charge transfer 7., the generated
excitons need to reach a suitable heterojunction before recombination. This process is

dominated and limited by the short L, leading to a low exciton diffusion efficiency 7.q4.
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Therefore a compromise between the film thickness for maximum absorbance and the
limited Lp for efficient exciton dissociation is essential for efficient photocurrent
generation. This relationship defines the main limiting factor of planar bilayer OPV

devices as shown in Figure 1.9a.1%

a) b)

c) d)
| Il ] [ ]| |

T Electron movement l Hole movement + Splitting exciton

Figure 1.9 Schematic of different heterojunction OPV device architectures: a) bilayer, b) BHJ or mixed
layer, c¢) and d) 3D nanocomposite devices. The black and red arrows indicate the traveling path of
electrons and holes respectively. In b) (i) is a situation of a charge trapped in a dead end and (ii) shows
successful charge transport to the collecting electrodes after exciton splitting.

To minimise the exciton diffusion paths and to generate a larger interface with
increased total active layer thickness, D/A intermixed active layers were introduced,
including solution-processed polymer/fullerene BHJ devices and vacuum co-deposited
small molecules. In both cases charge transport pathways towards the charge collecting
electrodes through randomly mixed layers are limited due to numerous isolated domains
and cul-de-sacs in the D/A layer system resulting in charge trapping and recombination,
as highlighted in Figure 1.9b. Despite the current density increase in both BHJ and mixed
layer structures, there is an unavoidable trade-off between the improved 7., and reduced
Nee. 2% 133 By optimising the deposition conditions and by applying post-treatments such
as temperature and solvent annealing a certain control over phase segregation and
therefore the D/A interface order can be achieved.!"** *7) A theoretical study by Yang et
al. on photo-current generation in nanostructured OPVs revealed exactly the same trend.
As the domain size of a D/A mixed layer was increased the specific interface area in a
defined unit cell dropped resulting in an improved 7., but reduced 7., and a small, but

still noticeable improvement in internal quantum efficiency (JQE).!"*
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To overcome this problem a more controlled three-dimensional (3D) highly
interpenetrating D-A composite structure is required to exploit the advantages from BHJ
and mixed layers, but with well structured charge transport paths.

Potential solutions for this complex problem are ordered organic nanostructures
which would result in an increase in interface area, and therefore short exciton diffusion
pathways, but also continuous charge transport pathways with increased film thickness
and therefore improved absorbance.

An ideal solution is a finger-shaped interdigitated D-A device architecture with a
small diameter to meet the L criterium.!'*® ) Such structures have been realised in
hybrid devices from vertically aligned metal oxide nanorods, but the devices showed only
slight device current improvement.!'**'*1 Another promising attempt by Haberkorn et.
al. is the template-assisted fabrication of free-standing nanorod arrays of a hole-
conducting crosslinked triphenylamine derivative.'*”’ A new route to achieve such
ordered D/A interface patterning on a length scale of a few tens of nanometres in domain
size is the use of self-assembled block copolymers facilitating donor and acceptor
domains in the same chain. This route is complex from a synthetic and self-assembly
point of view and remains very challenging.!"**! However, such a finger-shaped
interpenetrating D/A system is not easy to realise on a sub-100 nm scale for purely
organic OPVs (Figure 1.9¢).

Close approximations to interpenetrating nanostructured interfaces have been

produced by nanosphere lithography (NSL).l'**!

NSL has been used to generate
nanosphere templated 2D nanocomposite organic thin film structures based on a
nanoparticle monolayer mask as a template, which consists of 2D-ordered nanosphere
arrays. However, the interface area would be greatly compromised compared to any
mixed or BHJ interface.

To take this development one step further template assisted three-dimensionally
ordered macroporous solids (3DOM) and open-cellular thin films of the appropriate
organic semiconductor could form the desired controlled matrix for ordered highly
interpenetrating D-A composite systems, as demonstrated in Figure 1.9d. A synthetic

opal structure from self-assembled polystyrene nanospheres, fabricated by sedimentation,

spin-coating or controlled vertical drying, can serve as the initial template. The
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fabrication process of 3DOM thin films typically involves three separate steps: (i) self-
assembly of colloidal spheres or droplets into supra-structures; (ii) infiltration of the
interstitial spaces with an application-specific material; and (iii) template removal. In
certain cases the first two steps are combined into a single co-deposition procedure. The
nanosphere templating process is widely applicable to inorganic materials including
metal oxides and metals but proves to be very challenging for organic

semiconductors.!'*® Further details are revealed in Chapter 5.

1.4.1.2 Concept and fabrication strategies
3D nanosphere templating involves numerous steps and processes to obtain the

highly interpenetrating D/A composite structure: 1) convective self-assembly of
polystyrene colloids to form the template structure, 2) infiltration of the nanosphere
domains with appropriate donor material, which can be combined to a direct co-
deposition, 3) colloid removal step, 4) second infiltration of the inverse structure with
acceptor material, and 5) deposition of buffer layer and vacuum deposition of the
covering top electrodes. The schematic of nanosphere templating for a complete

nanocomposite device is shown in Figure 1.10.

qgem > g > P ¢ g o KEECH
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Figure 1.10 Schematic of fabrication method: 1) Self-assembly of polystyrene colloids, 2) infiltration of
nanosphere domains with appropriate donor material, 3) colloid removal, 4) infiltration of inverse structure
with acceptor material, 5) device fabrication using 3D nanosphere templating combined with organic
molecular beam deposition. 1) and 2) can be combined to a co-deposition step.

In this unique approach to template organic semiconducting materials the
templating material is sacrificial, which explains the choice of polystyrene (PS). The
system is based on a two-phase system starting with water as a solvent and dispersion
medium for PS and the water-soluble donor materials (PTEBS and TSCuPc). The

removal process of the PS template by using non-polar solvents is selective leaving the
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inverse opal structure made of donor material unchanged. The second infiltration of the
acceptor material has to be performed from a non-polar solvent to prevent the remaining
structure from damage or even complete dissolution. In this delicate approach it is of
great importance to create a clean D/A interface avoiding any residues from the
performed process steps and more importantly from the template. PS is a very good
insulator and a thin film could already ruin the device without being detected. Other
sources of residues are soaps which are added to stabilise the nanospheres during and
after synthesis. Soaps and other additives are also the reason why all nanospheres were
synthesised in house to control all parameters and compounds involved in the synthesis.
Co-deposition was developed to target very small sphere sizes down to 50 nm in
diameter in order to match Lp, and is completely new to the field. The templating
approach can also be used to template TiOx and ZnO for nanostructured electrodes or

hybrid devices.

1.4.2 TMO interlayers

Ideally, the photoactive layer consisting of donor and acceptor materials is
sandwiched between two appropriate ohmic contacts to avoid any energetic barrier for
efficient charge extraction. Enhanced selective charge extraction can be achieved by
introducing TMOs between electrodes and the photoactive layer. Also the device stability
can be improved by metal oxide encapsulation.®* *!

TMOs such as MoOx, nickel oxide (NiO), WOy and vanadium oxide (V,0x) serve
as hole extraction layers on the hole collecting electrode side.!'? '*! " The concept of
hole extracting layers has only recently been established resulting in significant device
performance improvement, but there is still a lot of debate about the correct operation
mechanism.™® '**! Good performance can only be achieved with very thin layers of a few
nanometres in thickness without compromising charge transport and energy level

t.1121: 18] The materials are mainly vacuum deposited or sputtered which also

alignmen
limits the control over surface morphology, crystallinity and potential surface

nanostructuring for advanced electrode modification.
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Metal carbonates and TMOs including cesium carbonate (Cs;COs), but mainly
TiO and ZnO, work as electron extraction layers on the opposite electrode side following
the same concept.!'®* '"® %1 Eor electron conducting materials such as PCBM a very
close energy level alignment between the TMO CB and the PCBM LUMO can be
achieved forming an ohmic-like contact.®™ TiO, and ZnO are both n-type materials,
transparent in the visible range and are not limited to thin layers due to their
exceptionally high electron mobility. Solution processing of TMOs enables
nanostructuring through templating, thicker spacer layers for improved optical
interference, as well as generally good control over crystallinity and morphology to
optimise structured D/A interfaces or electrode interlayers (see Chapter 2).['*% 1%

Hole and electron extracting TMO interlayers also have the general effect of
improving the homogeneity of conductivity and workfunction. Additionally, when
employed on one electrode or even as a sandwich structure from both sides operational
device stability is greatly improved by preventing direct electrode contact which can lead
to chemical and physical reactions.*> 124!

Investigations into different thin film structures from selected deposition methods
of ZnO, such as spray pyrolysis and controlled electrodeposition are the target of the
investigation in this thesis. The focus is on the ITO/TMO interface as well as the
TMO/blend interface. TiOy from sol-gel process are also employed to compare the
systems. This should serve to develop a deeper understanding of the structure/function
relationship between film morphology, crystallinity and device performance but also to
optimise OPV device performance. In order to be able to compare the different systems
to each other, and also work in the literature, the well known D/A BHJ system based on
P3HT/PCBM was chosen.

Additionally, the system is used to develop the less commonly used inverted
device architecture, which will then also be applied to hybrid devices. Hole and electron
selective extracting TMO interlayers define the polarity of a device and are therefore
crucial for device structures based on BHJs which can be operated as both regular and
inverted device architectures. ITO and Al electrodes can be employed in both cases with

[84,

the ability of collecting both types of charges.*™* *! More details on previous

development and achievements are given in Chapter 6.
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1.4.3 Hybrid OPVs

Fullerene replacement by inorganic semiconductors such as TiOx and ZnO with
high electron mobility and potential for nanostructuring demonstrates a promising
concept for hybrid OPVs.['' °!- 1521 Organic/inorganic hybrids have the advantage of
combining highly absorbing organic donor materials with chemically and thermally
stable, robust and cheap inorganic electron acceptor materials to produce thin film hybrid
OPV devices. TMOs also provide a controlled interface with suitable energy levels to act
as an electron acceptor with appropriate donor materials.

TiOx and occasionally ZnO are employed in DSSCs.!"**! In contrast to DSSCs,
D/A heterojunction hybrid OPVs employ the organic donor material not just as a
sensitiser but also as charge transport material. Hybrid devices are much thinner than
DSSCs, not exceeding 100 nm.

ZnO and TiOy have a favourable energy band alignment with commonly used
polymeric organic donor materials such as P3HT and poly(2-methoxy-5-(2’-ethyl-
hexyloxy)-p-phenylene vinylene) (MEH-PPV). For both planar bilayer and
nanostructured hybrid TMO/polymer devices, PCE is primarily limited by the low Js¢
due to poor photocurrent generation with the vast majority of reported devices not
exceeding a PCE of 0.5 %.I"* " Due to the variety of processes from solution which
can be used to deposit TMOs, surface nanostructuring through specific growth or
templating is favourable. A lot of work has been carried out on the formation and
implementation of TMO nanorods and other surface area increasing “pseudo 2D”
structures. Most structures were implemented in polymer hybrids showing an increase in
performance mainly due to a higher Jsc based on the larger active surface area.!'* 14!
The best devices with a PCE of up to 2 % are P3HT/ZnO nanoparticle blends forming
BHJ-like interconnected photoactive layers.!'>> More efficient polymer hybrid devices of
up to 2.8 % are based on semiconductors including cadmium sulphide (CdS), cadmium
selenide (CdSe) and copper indium selenide (CulnSe;) which contribute significantly to

Jsc but are either toxic or not abundant compounds.[m]

31



Chapter 1: Introduction

Hybrid OPVs also provide a promising alternative system to apply the nanosphere
templating approach for highly interpenetrating D/A interfaces based on a more stable
TMO open-cellular thin film structure. The fabrication method is based on a sol-gel
process followed by a simple calcination step to remove the template. By heat treatment
of up to 450 °C very clean inorganic interfaces can be produced.

First a model system based on planar TMOs needs to be developed evaluating the
use of different organic donor materials including polymeric and small molecule
semiconductors which are employed in inverted device architectures. The system then
serves as a basis for a possible expansion to 3D ordered highly interpenetrating D/A

hybrid composite devices.

1.5 Project motivation and thesis outline

The focus of this work is on controlled interface engineering and modification for
PCE and operational stability improvement by targeting two of the critical material
interfaces in OPV devices: the photoactive D/A interface and the electrode/photoactive
layer interface. Generally, this can be achieved by good control over device structure and
morphology as well as energy level alignment through nanoengineering of
organic/organic and organic/inorganic interfaces. In this case, D/A interface modification
is performed through development of template assisted nanostructuring. The electrode
interface is modified by the controlled insertion of TMO interlayers. Furthermore, the
development of a deeper understanding of the structure/function relationship is crucial. In
a further step some of the concepts are then applied to organic/inorganic hybrid
heterojunction OPVs in order to work towards a new type of OPV device combining the
advantages of both, organic and inorganic semiconductors, including increased charge
mobility and chemical stability. The rest of this thesis is organised as follows below.

Chapter 2 covers all experimental and analysis techniques used in this thesis
including thin film and OPV device fabrication as well as analysis. Current-voltage (J-V)
characterisation of OPV devices is discussed in an individual section.

The focus of Chapter 3 is on the synthesis of small monodisperse polystyrene

nanospheres. This includes approaches to surfactant-free radical initiated emulsion
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polymerisation aiming for small nanospheres, <100 nm in diameter. The particle radius
should ideally match Lp which proves to be very challenging. Particle characterisation
includes dynamic light scattering and electron microscopy.

The fabrication of 3D interdigitated D-A composite structures in Chapter 5
requires selected D/A material combinations. For template penetration and co-deposition
water-soluble donor materials such as polymeric PTEBS and low molecular weight
TSCuPc were chosen. These materials are not well studied in OPV devices processed
from aqueous solution. To gain deeper understanding of the J-V behaviour of the new
materials bilayer device studies were performed in Chapter 4. The findings help to
interpret measurements on the more complex 3D D-A composite structures.

Chapter 5 covers colloidal thin film self-assembly from co-deposition of spheres
and appropriate donor material to large ordered templated domains. The complete
fabrication of 3D interpenetrating D-A composite structures and devices based on
TSCuPc and PTEBS in combination with PCBM and Cgy are demonstrated. The steps
include co-deposition from vertical self-assembly, selective sphere removal in a solvent
vapour treatment step, second infiltration with an appropriate acceptor material and final
electrode deposition. This chapter demonstrates the new approach of nanoengineering to
fabricate controlled interpenetrating D-A composite device structures highlighting the
strengths of the technique but also the challenges.

The focus in Chapter 6 then switches to the electrode/photoactive interface where
TMOs such as ZnO and TiOy are employed as charge selective electron extraction layers
to improve charge extraction but also to enable electrode nanostructuring and inverted
device architectures. Interlayers from different deposition techniques including sol-gel,
spray pyrolysis and electrodeposition are compared and optimised in an inverted device
architecture using P3HT/PCBM BHIJ devices as a model system.

Chapter 7 deals with organic/inorganic hybrid OPVs with the TMOs from
Chapter 6 employed as the electron acceptor material in inverted device architectures.
Apart from the polymeric donor P3HT, a new device concept based on small molecules
such as SubPc is successfully demonstrated proving a working concept towards 3D

nanostructured hybrid devices.
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In Chapter 8 the conclusions of all chapters are brought together and summarised.
Furthermore, possible directions for future work on the different concepts are outlined

and discussed.
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Chapter 2: Experimental and analysis

This chapter describes the different experimental steps and methods used for thin
film deposition and OPV fabrication, including solution processes and vacuum deposition
of organic and inorganic compounds. In the second part, different thin film analysis
techniques are introduced and explained. A final section on OPV device characterisation
and data analysis is included, which also discusses the necessary theory for better
understanding. Nanosphere synthesis and templating are covered in the individual

chapters.

2.1 Thin film and device fabrication

In this experimental section substrate preparation and material purification are
explained, followed by thin film preparation and OPV device fabrication. Thin film
preparation includes solution processes such as spin-coating, electrodeposition, sol-gel
processes and spray pyrolysis. This section also introduces vacuum deposition of organic
and inorganic materials leading from the basic concepts of single layer deposition to

complete OPV device fabrication.

2.1.1 Material purification

Although the used materials were bought with very high purity, further
purification of organic materials such as Cg (Nano-C, Inc., 99.5%), CuPc (Aldrich, 97
%) and SubPc (Sigma-Aldrich, 85%) was important for a high device performance and is
especially required in OMBD. Longer exposure to air and moisture could change its
quality, forming unwanted oxidised derivatives which can result in a lower OPV device

(1561 Therefore thermal gradient sublimation was used for material

performance.
purification.
The unpurified material is heated under high vacuum at around 10~ mbar at the

bottom of a glass tube until it sublimes. The glass tube lies in an outer quartz tube, which
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closes the system to hold the high vacuum. Sublimed material condenses in the cooler
part of the tube. A temperature gradient separates the volatile impurities from the purified
material which has the highest sublimation temperature with the specific vacuum. Non-
volatile impurities with too high sublimation temperatures stay unmoved at the end of the
tube (see Figure 2.1). The sublimed pure material is harvested by breaking the inner glass
tube after the complete purification cycle. Typical sublimation temperatures and

conditions are listed in Table 2.1.

- |Vacuum i >
ities @
A

Inner glass tube T Glass
wool

Purified
material

Unpurified
material

Outer quartz tube

Temperature

Distance

Figure 2.1 Schematic of the thermal gradient sublimation setup.

Table 2.1 Sublimation conditions for different organic small molecule compounds in thermal gradient
sublimation.

Compound Temperature [°C]  Time [min] Heating rate [°C min']  Cycles
Ceo 480 600 1.0 1
CuPc 430 600 1.2 1
SubPc 320 600 1.0 1

All other materials were used as delivered including PCsBM (Solenne, >99.5 %),
P3HT (Rieke, >98 % regioregular, MW = 55-60 k), PTEBS (American Dye Source, Inc.,
MW = 100-1000 k), TSCuPc (Sigma-Aldrich, 85 %) and the TMOs, MoO; (Aldrich,
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99.99%) and WO; (Aldrich, >99.9 %). For these compounds sublimation purification is

not suitable due to their non-volatile nature.

2.1.2 Substrate cleaning

Unless stated otherwise, all thin films and devices were deposited onto either
ITO-coated glass with a sheet resistance of <15 Q sq” (100-130 nm, Psiotec Ltd.), glass
substrates or quartz substrates (Newcastle Optical Engineering, Ltd.) of various
dimensions. A clean ITO surface is important to have a high electric conductivity and a
homogenous workfunction. The following cleaning process was applied for all ITO and
quartz substrates: Sonication for 15 min in acetone, deionised water/Decon 90 (detergent)
70:30 mixture, deionised water and isopropyl alcohol, followed by drying with a nitrogen
jet and UV irradiation generated ozone treatment for 20 minutes. The ITO substrates
were delivered with a red protective photo-resist which can easily be removed with
acetone. UV/ozone treatment improves substrate surface wettability and removes carbon

residues prior to film deposition.™*

2.1.3 Solution processed thin films

2.1.3.1 Spin-coating
Spin-coating is a simple method for thin film fabrication from solution including

materials such as small molecular compounds, polymers, metal oxides and nanoparticle
dispersions. It is well established in the OPV community for polymer blend based solar
device fabrication. Spin-coating is cost-effective on lab-scale production but is mostly
replaced in a scaled-up process by spray or ink jet printing techniques.

As shown in Figure 2.2 the substrate is mounted on a rotating stage and held in
place by vacuum suction. A small amount of solution is applied to the centre of the
substrate surface. When spun, the centripetal acceleration spreads the solution evenly
across the whole substrate. Excess solution, which is unable to bind sufficiently to the
substrate surface, leaves the substrate across the edges. Once the process is complete, an

evenly spun film of a defined thickness remains on the substrate surface. The main
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parameter is the spin speed, which controls film thickness and uniformity. Solution
concentration and choice of solvent are also important, because they define the viscosity
and volatility of the solution. For P3HT/PCBM blends this is crucial as the drying

process defines the phase separation of the blend.

a c
) Pipette b) o )
Spin direction

Substrate Solution
LS |

P Spun thin film
!_‘T ——
Stage ‘ ‘

Vacuum suction

Figure 2.2 Schematic of the spin-coating process: a) dropping of the solution onto the target substrate, b)
substrate spinning and c) the resulting spun thin film.

Spin-coating in air was used to produce thin films of TSCuPc, PTEBS and TiOx.
P3HT, PCBM and P3HT/PCBM blends were spun under N, atmosphere from 1,2-
dichlorobenzene (Aldrich, 99%, anhydrous), employing a Laurell Technologies

Corporation spin coater.

2.1.3.2 Sol-gel process
Sol-gel process is a common fabrication technique for metal oxide and ceramic

thin films including TiOy.!""* Typical precursors for the solution process are metal salts
or metal organic compounds such as metal alkoxides. Sol deposition is carried out by
either dip-coating or spin-coating. The transition process from liquid sol to viscous or
solid gel is mainly based on precursor hydrolysis and polymerisation forming metal-
oxygen-metal chains and polymeric networks. In a calcination step with O, in excess the
polymeric structure is then driven towards a higher oxygen content as needed for a proper
metal oxide with the correct metal-to-oxygen stoichiometric ratios.

The process was used for thin film fabrication of TiOx in Chapter 6 and 7. The

precursor solution was based on a mixture of isopropanol (Fisher Scientific, HPLC
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grade), titanium (IV) isopropoxide (TifOCH(CHs),]s, Sigma Aldrich, >98 %) and 2-
amino ethanol (H,N(CH,),OH, Sigma Aldrich, >99 %) as a surfactant in a ratio of
20:1:0.5 by volume. The solution was degassed and stirred for 48 hours at room

temperature prior to use.

2.1.3.3 Electrodeposition
Although electrodeposition (ED) from solution is well known as a thin film

deposition technique for metals, it has only recently been adapted to deposit metal oxides,
and ZnO in particular. Electrodeposition of ZnO is based on the reduction of oxygen or
oxygen providing precursor compounds to electrochemically generate hydroxide (OH")
in-situ at the working electrode. This leads to ZnO precipitation at the electrode and
controlled thin film growth. Although zinc is already provided in the right oxidation state
as Zn”" in the bath solution from a zinc salt, the OH™ precursor feed remains challenging.
05,1 hydrogen peroxide (H,0,)!"** and nitrate (NO5"),!"*”are all candidate compounds.
Due to a rather low O, solubility in aqueous solution and H,O, instability limiting the
film growth rate and control, NO3;  was chosen as the precursor. NOs™ ions are very
soluble in aqueous solution and high film growth rates can be achieved. The process is
split into two steps: NOs™ is reduced to nitrite (NO;’) and OH™ in the presence of H,O
(Equation 2.1); OH then immediately reacts to form H,O again and ZnO which
precipitates and deposits the film (Equation 2.2). The overall reaction is summarised in

Equation 2.3.1'%]

NO;3 + H,0 +2¢ — NO, +20H (Equ. 2.1)
Zn*" + 20H — ZnO| + H,0 (Equ. 2.2)
Zn*" +NO;5 +2¢ — ZnO| + NOy (Equ. 2.3)

Electrodeposited ZnO films were prepared in a three-electrode set up consisting
of an ITO working electrode, a Ag/AgCI/KCI (3.5M) reference electrode and a platinum
mesh counter electrode. Electrodeposition was carried out potentiostatically using a
computer-controlled potentiostat by applying a potential vs. the Ag/AgCl electrode in a
heated deposition bath containing the zinc nitrate (Zn(NOs),, Aldrich, >99.0 %)
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precursor. Precursor concentration and pH were varied for different depositions.!"®"! The

films produced are discussed in further detail in Chapter 6.

2.1.3.4 Spray pyrolysis
Unlike other thin film preparation methods, spray pyrolysis (SP) is fairly cost

effective, simple in application, scalable and ideal for metal oxide thin film
deposition.!"®?! Similar to sol-gel and electrodeposition the technique is based on a
solution process involving a metal organic precursor or metal salt, which is converted to
the final metal oxide upon heat and O, exposure. Typically, the precursor solution is
sprayed by a gas jet onto a heated substrate. Primarily, the solution concentration and
spray deposition time determine the film thickness, where temperature determines the
film morphology and crystallinity. By influencing the O, exposure the stoichiometric
ratio between metal content and oxygen can be controlled.

The ZnO thin films presented in Chapter 6 and 7 were deposited onto heated ITO
substrates from a solution of zinc acetate (Zn(ac),, Aldrich, 99.99%) dissolved in
methanol. Thin film preparation was completed by an annealing step in air for full

conversion from Zn(ac), to ZnO.

2.1.4 Organic molecular beam deposition (OMBD)

2.1.4.1 Principles of OMBD
OMBD is a vapour deposition technique performed under high vacuum (HV) and

is based on molecule sublimation.!"® "** It is a typical and popular deposition technique
for sublimable small molecule organic semiconductors with low solubility. The technique
enables molecular thin film growth with a very precise thickness control down to sub-
monolayer film thickness, i.e. sub-nanometre scale, and equivalent deposition rate
control. The HV environment also provides very clean growth conditions, which proves
to be vital for thin film OPV device and organic electronic technology.

OMBD of an appropriate organic compound is performed at a vacuum chamber
base pressure of <107 mbar. The organic compound, after purification by gradient

sublimation (see section 2.1.1), is heated in an inert boron nitride crucible by a
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temperature-controlled Knudsen cell (K-cell), as shown in Figure 2.3. The K-cell is
heated by resistive heating with a range from about 50 to 500 °C and is monitored by a
thermocouple. Based on the Knudsen effusion effect the organic compound is heated
until it reaches the vapour pressure, which is required for the material to escape through
the aperture provided to form a molecular beam.!"® For a consistent molecular beam the
K-cell temperature is above the minimum sublimation temperature and well below the

decomposition temperature of the compound.

Molecular beam
K-cell aperture
Metal shield

Resistive
heating coil

Crucible
Thermocouple

Figure 2.3 Schematic of a K-cell in detail.

The molecular beam formed is directed onto the cleaned substrates placed in the
path of the beam. Molecules in the beam are then deposited onto the substrate surface and
form a thin film caused by adsorption. The deposition rate is controlled by the K-cell
temperature and is monitored in-situ together with the film thickness by quartz crystal
microbalances (QCM) placed in the path of the beam. The precise film thickness is
controlled by a beam shutter which acts as an “on/off” switch. The monitored thickness
on the QCM has to be calibrated to the real thickness due to differences in film density

and precise geometry inside the chamber. Film thickness monitoring based on QCMs and
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ex-situ film thickness calibration by AFM step edge analysis is discussed in more detail

in the following sections, 2.1.4.5 and 2.1.4.6.

2.1.4.2 OMBD chamber and thin film growth
A Kurt J. Lesker Spectros vacuum deposition system was used for the growth of

all thin films and devices (see Figure 2.4).

a) b)
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sample and
mask holder

Samples with
deposited thin film

Manipulator Substrate QCM

Shutter
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Exhaust Pure material
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Figure 2.4 a) Schematic and b) photograph of the OMBD vacuum chamber.

The HV in the chamber is reached and maintained through a two-stage pump
system. In a first stage rough vacuum is achieved with a scroll pump. In a second stage a
cryogenic pump (Cryo Torr) reduces the inner chamber pressure to the operative base
pressure of <107 mbar. The growth chamber is equipped with six paired organic and
three metal deposition sources, which are monitored by three QCMs close to the sources
and one QCM next to the substrates. In addition to single organic source operation, two
of them can be individually controlled at the same time for co-deposition growth. One
main shutter close to the substrates blanks the beam when not in deposition mode. The

temperature of the K-cells is monitored by a Eurotherm 2408. The QCMs, Eurotherms,

42



Chapter 2: Experimental

shutter and vacuum pumps are all linked to a computer which runs the device controlling
and monitoring software.

The entire layer structure of a device can be grown in one cycle without breaking
the HV by using the shutter and the multi-shelf sample and mask holder operated
manually from outside by a manipulator. The sample holder can be rotated during growth
to enable more homogeneous deposition. Samples and compounds were all loaded
through a sliding door at ambient pressure under N, atmosphere kept by the surrounding
glovebox. All devices were handled in the glovebox before and after deposition due to
oxygen and moisture sensitivity. The glovebox was always kept at <1 ppm O, and H,O.

Typical deposition rates for organic compounds were around 1 A s. Different
organic materials have been deposited under base vacuum pressure at their specific
evaporation temperature: Cqo at around 400 °C, CuPc at around 340 °C, SubPc at around
200 °C and BCP at around 150 °C. Freshly refilled crucibles were always out-gassed

prior film deposition.

2.1.4.3 Deposition of metal oxide thin films
Although metal oxides such as MoOyx and WOy are chemically very different to

organic small molecules, the vacuum deposition technique can still be applied to deposit
very thin homogenous films. When vacuum deposited, it is assumed that metal oxides do
not form a molecular beam but rather a material beam of small oxide clusters. Metal
oxides were deposited from a thermal metal source due to higher heat requirement. Low
deposition rates of 0.05-0.10 A s™ were applied to avoid damage of organic pre-deposited
layers. MoOyx and WOy were deposited as purchased. The metal oxides required an
extended out-gassing step prior to film deposition, which can be seen as an in-situ

material purification.

2.1.4.4 Deposition of metal electrodes
The top metal electrode, in this case Al, was deposited from a high temperature

metal source. The metal source consists of a larger more robust heater. In order to reach

the high evaporation temperatures required for Al the entire source holder acts as a
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resistive heater passing through large currents at low voltage. A small Al pellet of very
high purity is placed in a boron nitride crucible and heated to the required evaporation
temperature. Attention must be paid at the beginning of the metal deposition, because the
first few angstroms of hot deposited metal can damage the previously grown organic
layer. Therefore, for the first 200 A a low deposition rate of approximately 0.2 A s™ was
applied. Later, the rate was increased to between 1 A s and 2 A s™'. Typically, an Al
electrode thickness of about 1000 A was deposited. To define the electrode shape and
area for further J-J" analysis different customised electrode shadow masks were used, as

shown in Figure 2.5.

a, C
) Glass substrate: 12 mm R b) )
ITO electrode
contact
—Organic layers—]
| Silver paint __|
contact
Aluminium __|
electrode
Active area: 2 Alctive area]
0.16 cm? mm 0.06 cm?
~ ITO strip: 8 mm " "~ ITO strip: 8 mm "

Figure 2.5 Schematic diagrams of a) a 3-pixel device with an active area of 0.16 cm? per pixel and b) a 6-
pixel device with an active area of 0.06 cm? per pixel. ¢) Photograph of a complete 3-pixel device.

The device layouts used were either a 3-pixel device with an active area of 0.16
cm’ per pixel (Figure 2.5a) or a 6-pixel device with an active area of 0.06 cm® per pixel
(Figure 2.5b). In such a device the 8 mm wide ITO strip is completely covered by the
deposited organic layers. The top metal electrodes were then vapour deposited onto the
organic layers using one of the two masks. The second device contact to the ITO was
fabricated by careful removal of all organic layers at the appropriate spot at the top end of
the device. The ITO contact, as well as the ends of the Al electrodes on the glass
substrate were enlarged with conductive silver paint for good contact in the device holder

for J-V analysis.
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2.1.4.5 Film thickness and rate monitoring
For organic semiconductor thin film growth and device fabrication, precise

control over layer thickness and the linked deposition rate with sub-nanometre precision
is of very high importance. Therefore, an in-situ measurement technique with the
required sensitivity is needed enabling real-time monitoring during growth. The most
convenient technique for such a measurement is a QCM, which is placed in the molecular
beam path.!'® The working principle of QCMs is based on the linear dependence of the
change in mass per unit area to the change in quartz crystal oscillation frequency.!'®! As
material is deposited by the beam onto the QCM, its mass changes due to the pseudo
crystal extension and this is accompanied by a change in the oscillation frequency of the
crystal. This change in frequency can be detected and related to a specific gain in mass
per unit area and therefore deposited film thickness. This relationship is true under the
assumption of the deposition of quartz onto a QCM but has to be scaled and calibrated for
any other material. For an accurate thickness prediction of other materials a more
complicated relationship has to be used. There are very few materials with complete
parameter sets which predict bulk growth. Again, this can vary for thin film growth. For
that reason an empirical tooling factor can be determined by relating the grown QCM
film thickness to the actual film thickness. This sort of calibration works for most
materials and simplifies the thickness monitoring process drastically without

compromising the accuracy of the technique.

2.1.4.6 Film thickness calibration
A common and very accurate technique for thin film thickness calibration is step

edge analysis by tapping mode atomic force microscopy (AFM). Step edges were
produced by thin film deposition of the appropriate material onto a substrate with a
specific QCM film thickness measured during the film growth process. The film was then
carefully scratched with a sharp needle to generate a well defined step. The AFM scan is
then performed across the edge revealing the height difference between the bare substrate
and the film, as can be seen in Figure 2.6a. This actual film thickness, s, can be measured
by either analysing single height profile cross-sections (Figure 2.6b) or by statistical

height distribution analysis (Figure 2.6¢), which proves to be more accurate as it averages
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over the whole scanned area, filtering out edge and film defects. The ratio between s and
the QCM film thickness is referred to as the tooling factor, which is material and
deposition system specific. To gain more accuracy, this procedure was repeated at
different sites of the substrate for one thickness and then extended to different thicknesses
to create a tooling factor calibration line.

The example in Figure 2.6 shows a SubPc film with a thickness of 40 nm by
QCM and with s=28 nm, resulting in a tooling factor of 0.70.
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Figure 2.6 a) Step edge AFM image of a SubPc film with a grown QCM thickness of 40 nm. b) Cross-
section height profile and c) statistical height distribution analysis show the actual film thickness s of 28 nm
resulting in a tooling factor of 0.70.

2.2 Thin film analysis

Thin film analysis is an important part of OPV device fabrication and further
understanding of the science behind it. The technology relies on high control over thin
film thickness and morphology, but also defined layer interfaces. To monitor thin film
deposition and to gain deeper understanding of thin film growth and structure/function

relationship of morphology, crystallinity and interfaces, a complementary set of analysis
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techniques is employed. For surface and near-surface analysis, AFM and scanning
electron microscopy (SEM) are used with focused ion beam (FIB)/SEM and transmission
electron microscopy (TEM) revealing more details of local structure further inside a
sample. UV/vis electronic absorption spectroscopy and powder X-ray diffraction (XRD)

are bulk material characterisation techniques probing electronic and crystal structure.

2.2.1 Atomic force microscopy (AFM)

With the invention of the scanning tunnelling microscope (STM) by Binnig and
Rohrer in 1981,1'°”) the first surface imaging technique of atomic resolution set the basis
for a whole scanning probe microscope (SPM) family and nanotechnology as a new hot
spot in science.'® The imaging capability of STM relies on an electrically biased,
conductive scanning tip, which detects very low tunnelling currents from conducting or
semiconducting samples with atomic spatial resolution.

In 1986, Binnig, Quate and Gerber extended the idea with the development of the
AFM as an alternative to STM.!'®! AFM is also capable of scanning non-conducting
surfaces with high spatial resolution on the nanometre scale to image surface structures
and morphology. In contrast to STM, AFM is based on probing tip-sample surface
interatomic force interactions when brought very close together.

When in close proximity to the surface the probing tip can experience attractive
and repulsive forces depending on its distance to the surface.!!’™ """l Attractive forces are
of longer range and include van der Waals (vdW) interactions, capillary forces, chemical
forces and electrostatic attraction. Repulsive forces, such as hard sphere repulsion and
electron-electron Coulomb repulsion are of much shorter range due to a high exponential
decay law with increasing distance. The probing tip is attached to a cantilever (see Figure
2.7¢c), which acts as a spring with a well defined spring constant. Attractive forces bend
the cantilever and the attached tip towards the surface and repulsive forces push it away.
This attraction-repulsion force potential in conjunction with the classical Hooke’s law
describes the interaction behaviour and lateral movement of the tip, which leads to force

and surface profile height measurements.
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Figure 2.7 a) Schematic and b) photograph of an AFM. Photograph of ¢) an AFM tip. (The photographs in
b) and c) were adapted from the MFP-3D Manual.)!'’?

Tip

The complete setup of an AFM by Asylum Research is shown schematically and
as a photograph in Figure 2.7a and 2.7b respectively.!'”?! Depending on the scanning
mode the tip follows the surface contours either in contact with a constant force applied
or in intermittent contact in tapping mode. A light beam is targeted onto the reflective
backside of the tip and the resulting reflected beam is focused and positioned by a mirror
for detection by the position sensitive photo-detector. The detector monitors the
deflection of the tip, which is caused by surface—tip interactions. During a scan a
feedback loop adjusts the tip height to maintain a constant amplitude or deflection, and
therefore a measure of surface height is obtained. By scanning a local area a height
profile can be determined by the computer software. The z-position of the tip is
controlled by a piezo moving only along the z-axis with sub-nanometre precision. The tip
holder, the deflection mirror and the photo-detector monitoring the tip position are all
situated in the scanner head. The sample is mounted on a table with piezos moving it with

nanometre precision along the x- and y-axis, placed in the base (see Figure 2.7b).
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The two most common AFM scanning modes are contact mode and alternating
contact (AC) or tapping mode. Contact mode is used for hard surfaces and conductive
AFM. The tip is always kept in the repulsive force regime. It is referred to as being in
contact to the surface with a constant force. Repulsive and attractive surface forces cause
a bending of the cantilever with the feedback loop maintaining a constant cantilever
deflection. This mode can damage soft surface structures such as thin film organic
material layers. However, in tapping mode the tip is not constantly in contact to the
surface. The cantilever is held very close but with a constant distance to the surface. It
oscillates around its own resonance frequency and taps the surface gently during the
scanning process. Interactions between the tip and the surface induce a slight change of
the oscillation amplitude, which is restored by the feedback loop, and hence a height
profile can be determined. Changes in phase and amplitude can give valuable information
about the tip-surface interaction and add details to the pure topography based height
image.

The surface topography of the samples was studied using an Asylum Research
MFP-3D in tapping mode. Standard tapping mode tips (AC240TS) equipped with a
silicon probe had a resonance frequency of 70 kHz and a tip radius of 9 nm. MFP-3D
software based on Igor Pro was used for image reconstruction and analysis. The
presented images have been line and plane filtered. By using the software, the surface
roughness parameter, Rg, was determined. It is defined as the root mean square (RMS) of
the sum over all N points for the surface height difference of each point Z; and the

average height Z,,, of the surface, as shown in Equation 2.4.
-
1
Rq = [~ EN(Z; = Zang) | (Equ. 2.4)

2.2.2 Electron microscopy (EM)

2.2.2.1 Background and principles
In microscopy either a light or an electron beam is used to display an object as a

larger image. The resolving power of a microscope is wavelength dependant, which is the
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main factor limiting the optical microscope to a theoretically achievable resolution of
about 150 nm, but normally around 500 nm. For much higher resolution, electron
microscopy (EM) employs an electron beam with wavelengths between 0.001 nm and
0.01 nm. Depending on the acceleration voltage EMs are capable of reaching a resolution
of 0.2 nm, which is in the range of atomic resolution.

There are two main types of EMs: the TEM and the SEM.!"”! All types of EMs
consist of an electron gun, electromagnetic lenses and various sorts of detectors. EM has
to be conducted under HV due to strong electron scattering of the beam under gas
atmosphere. Electron beam sources can be either thermionic guns or field-emission guns
(FEGs). Thermionic guns are based on a resistively heated filament made of tungsten or
lanthanum hexaboride (LaBs) which emits electrons towards an anode when heated to
very high temperatures. By comparison, in a FEG electrons are extracted by a very high
electric field from a sharp tungsten tip resulting in improved brightness. A first anode
extracts the electrons from the target at low kV which are then accelerated down the
column by an acceleration anode at high voltages of a few tens of kV.

Electrons can interact with the specimen in different ways creating various types
of signals, including electron scattering and secondary effects. A summary of the

important effects can be seen in Figure 2.8a.
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Figure 2.8 a) Summary of effects occurring from the interaction of a high energy primary electron beam
with a specimen and b) the interaction volume of the specimen hit by an electron beam of lower and higher
energy, including the specimen regions of specific signal occurrence from secondary effects.
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Elastic electron scattering is based on the Coulombic interaction, i.e. attraction
and repulsion of the beam or primary electron and the specimen atom, including nucleus
and surrounding electrons. During the scattering process no kinetic energy of a primary
electron gets lost. Deflection depends on the atomic number of the scattering atom and
constitutes the key mechanism for electron diffraction. In an inelastic scattering process
the primary electron loses kinetic energy due to interaction with the scattering atom,
including the generation of backscattered electrons (BSEs) and energy absorption
processes leading to secondary effects.

During specimen penetration the majority of primary electrons come to a stop
within the interaction volume and generate either heat within the specimen, or initiate
secondary effects in different parts of the volume which are then detectable from the
outside, as shown in Figure 2.8b. Other secondary effects include secondary electrons
(SE) with a lower energy of <50 eV and X-ray emission caused by relaxation of outer

shell electrons which replace knocked out inner shell electrons.

2.2.2.2 Transmission electron microscopy (TEM)
In most TEMs a thermionic gun is used to generate an electron beam with an

acceleration potential of between 80 and 200 kV. The beam is sent down a HV column in
a vertical alignment passing two condenser lens systems, which control the beam spot
size as well as the intensity on the specimen. The beam then interacts with the specimen
leading to the scattered, transmitted electron beam which can be evaluated in either
imaging or diffraction mode. In order to pass the specimen thickness with a certain beam
intensity, the specimen has to be very thin, only a few hundred nanometres. In bright field
imaging the image contrast is called mass-thickness contrast. With increasing specimen
thickness, but also higher atomic number of the material, more scattering occurs resulting
in darker image spots. TEM can also be seen as a bulk analysis of the internal structure of
thin specimens. Generally, the sample is mounted on a support grid with a circular area of
3 mm in diameter. The transmitted electron beam then passes through the objective lens
forming the intermediate image, which is then magnified by the intermediate lens and

projected onto the screen. A TEM in imaging mode can be seen in Figure 2.9.
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Figure 2.9 Schematic of a TEM in imaging mode.

In this project a JEOL 2000 FX TEM was used to image synthesised nanospheres
<100 nm in diameter (see Chapter 3). A JEOL 2010 TEM was employed to image cross-
section slices of ZnO modified polymer blend OPV devices (see Chapter 6) produced by
FIB milling (done at Imperial by Dr. Benoit Illy). Typically, acceleration voltages of 150-
200 kV were used in imaging mode. The samples were mounted on Formvar coated

copper grids with mesh 200.

2.2.2.3 Scanning electron microscopy (SEM)
SEM is a surface or near-surface probing technique based on a specimen scanning

electron beam of typically between 1 kV and 25 kV, much lower than for a TEM. The
electron beam is generated either by a FEG or thermionically using a tungsten filament.

The electrons are accelerated down the high vacuum column passing through a condenser

52



Chapter 2: Experimental

and then an objective lens, where the condenser lens first de-magnifies the beam the way
that a very small beam spot of only 2-10 nm in diameter reaches the specimen. The
objective lens then helps to focus the beam onto the specimen. In order to generate a
complete image of a few micrometre height and width, computer controlled scan coils
control the exact x-y beam position and raster the specimen surface systematically. The
received intensity signals are collected by the computer. Specific software then
reconstructs the 2D image. In Figure 2.10 a schematic of a SEM in imaging mode can be

secn.
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Figure 2.10 Schematic of a SEM in imaging mode.

When the electron beam interacts with the specimen various signals are emitted
including BSEs, SEs and X-rays, which are then detected by the specific detector. For
image interpretation it has to be taken into account that the interaction volume can

penetrate the specimen as far as a few micrometres. The penetration volume and depth
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scale with increased acceleration voltage (see Figure 2.8b). Common imaging modes use
SEs which originate from the low surface, are abundant and give the best spatial
resolution. However, SEs are low in energy and have to be accelerated by an applied
electric field in order to generate a signal in an SE detector. High resolution SEMs are
equipped with a through-the-lens detector which can detect both, SEs and BSEs. For
semiconducting or insulating specimens a few nanometres thick charge conducting
coating is applied and connected to ground in order to avoid surface charging which can
disturb the beam and the signal. Possible coating materials are sputtered metals such as
Au or Pt, but also arc-deposited carbon, where Pt and carbon give the smoothest coating.
In this project a FEG-SEM, Zeiss Supra 55VP and a FEG-SEM Gemini 1525
were used for various types of samples including PS spheres, self-assembled PS
nanosphere thin films, open-cellular films, as well as different types of thin films and
cross-sections (see Chapter 3, 5, 6). The samples were mostly coated with carbon or Pt
and mounted on aluminium stubs by conductive silver paint or carbon tape. Typical

imaging voltages were between 1 kV and 20 kV.

2.2.2.4 Focused ion beam (FIB)
FIB microscopy is based on the same principles as SEM but instead of an electron

gun it is equipped with a field emission ion gun. A field emission ion gun works the same
way as an ordinary FEG employing gallium as an ion source. Molten gallium forms a
very fine tip from which Ga' ions can be extracted and accelerated with a few tens of kVs
down the vacuum column. This focused ion beam is only a few nanometres in diameter
and enables precise imaging based on the same signal effects as in SEM, including BSEs,
SEs and X-rays. More importantly, FIB is also capable of ion milling or cutting very thin
cross-section membranes for TEM. Imaging is performed with a fine ion beam and
milling with a coarse ion beam. Both modes are referred to as sputtering because the
beam is destructive, but also re-deposits material. When the specimen is bombarded with
heavy Ga™ ions of high kinetic energy, specimen atoms are ejected upon ion collision
leading to controlled material removal. Furthermore, by using metal-organic or carbon
containing gas, the ion beam can deposit fine metal and carbon films prior to cutting and

protect the surface of the section of interest. Some draw-backs are the slow material

54



Chapter 2: Experimental

removal rate and the danger of sample material amorphisation at the cutting edge
effecting TEM analysis, i.e. crystallinity. Most FIB microscopes are combined FIB/SEM
instruments to allow destruction-free imaging by the electron beam and to enable
FIB/SEM tomography. For the ZnO/blend device cross-sections in Chapter 6 a FEI
FIB200-SIMS equipped with a FEG was used to produce the TEM sample membranes.

2.2.3 Electronic absorption spectroscopy

With electronic absorption spectroscopy the intrinsic properties of the compounds
used in thin film technology and OPVs can be accessed including general light absorption
and transmission behaviour, but also the electronic structure, vibronic behaviour and
optical bandgaps. When an incoming photon of a discrete wavelength, and therefore
energy, interacts with matter, excitation between two states of exactly this energy
difference in the material can occur, i.e. photon absorption. Depending on the wavelength
of the incoming light, either electronic, vibrational or rotational transitions are stimulated.
Electronic transitions are mainly caused by higher energy electro-magnetic waves or
photons of the UV/vis spectrum. Fine excitations of vibrational and rotational transitions
are initiated by near-infrared (NIR) to infrared (IR) irradiation and microwaves
respectively.

The photon absorption process of a sample is wavelength dependant and can be
quantified directly by the ratio of the incident light intensity /y(4) to the remaining light
intensity /(1) leaving the sample, i.e the transmission, 7(4). The Beer-Lambert law
describes the logarithmic dependence of 7(4) to the product of the molar absorptivity &(4)
of the compound, the penetration path / and the concentration ¢ in solution as shown in

Equation 2.5,
T(A) = Ii = 10"¢Wic = 10-a@L (Equ. 2.5)
0

For thin films the law is modified by adapting the exponent to the concept of thin
film solids. Concentration of solids is defined by the product of relative molecular mass

and the density of the solid. Absorptivity ¢(4) is the combination of the concentration of
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the solid and its molar absorption coefficient. L is still the penetration path, but also
represents film thickness.

Absorption follows the same law and can be modified in the same way as for
solid thin films in transmission. It scales linearly with the product of g(4), / and ¢ as well

as () and L in solution and for solid thin films respectively, as shown in Equation 2.6.
Io
A =log (T) =e)lc =a(Q)L (Equ. 2.6)

For compounds used in OPVs the absorption behaviour of the materials in the UV
and visible part of the spectrum is of particular interest because electronic excitation
leads to exciton generation and it is the part of the solar spectrum with the highest
irradiation intensity.

In this thesis a Bentham spectrophotometer was used for transmission
measurements on ZnO thin films in Chapter 6. A Perkin-Elmer Lambda 25 spectrometer
was used for all other absorption and transmission measurements. All measurements were
carried out in the range 200 nm to 900 nm. Thin films were measured on either quartz,
glass or ITO substrates and solutions were measured in quartz cuvettes, with the

appropriate background correction applied.

2.2.4 X-ray diffraction

2.2.4.1 Crystal theory
A crystal is defined by its smallest repetitive building block called a unit cell. A

unit cell consists of a defined number of arranged motifs, including ions, atoms or
molecules, which form repetitive patterns or a crystal lattice. The shape and size of such a
unit cell is defined by six lattice constants consisting of three vectors a, b and ¢ and the
three angles a, 3, and y between the vectors. The vectors also define the crystallographic
axis. Despite the variety of different combinations of the six constants, the number of
possible lattices is reduced to 14 Bravais lattices. Crystal planes connecting arrays of

motifs are indexed by Miller indices (4kl), which are the reciprocal distances of the
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intercept of the crystal plane and the crystallographic axis. Therefore, plane (hkl)
intersects with the crystallographic axis with distances of 1/h, 1/k and 1/ respectively.
The interplanar distance of two parallel planes with the same index is referred to as lattice

plane spacing or interplanar spacing, dj.

2.2.4.2 Diffraction theory
Similar to light diffraction with an optical grating, diffraction can be observed on

crystal lattices acting as such a grating, if the probing wavelength matches the interplanar
distance. In crystals this distance is in the regime of only a few angstroms. This condition
can be satisfied by electromagnetic waves in the X-ray spectrum and led to X-ray
diffraction, which is one of the most common characterisation techniques of crystalline

solids.

a) b)
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Figure 2.11 a) Bragg diffraction on adjacent (hkl) lattice planes and b) powder diffraction with diffraction
occurring from the blue planes.

As shown in Figure 2.11a, incident X-ray beams penetrate the sample with an
angle € and are reflected by parallel crystal planes with an interplanar spacing, dj.
Constructive interference through diffraction occurs if the two parallel waves of the same
wavelength are reflected by two parallel planes in such a way that they leave the sample
in phase again. This condition is satisfied, if the wave reflected by a deeper plane travels

a multiple of its wavelength, which is described by Bragg’s law in Equation 2.7,

Zdhkl sinf@ = ni (Equ 27)
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where 7 is an integer and A is the wavelength. By varying 6 the exact condition

for the strongest reflection can be found.

2.2.4.3 Powder diffraction
Powder X-ray diffraction is used for any polycrystalline sample consisting of

domains of randomly oriented crystals, including powders and thin films. By varying the
angle @ of the incident beam from a monochromatic X-ray source and the detector
simultaneously, the sample can be screened for different (4kl) planes with appropriate
interplanar distances, which is also known as the 626 technique. When the Bragg
conditions at a certain angle @ are satisfied, a peak of high intensity appears in the angle
resolved diffraction pattern for the specific (kkl) plane in a crystal grain. With changing
@ diffraction will occur from different planes leading to a complete diffraction pattern
(Figure 2.11b). A completely mixed powder shows strong diffraction at all angles.
However, for thin films powder XRD shows only diffraction of planes parallel to the
substrate which enables the determination of a preferential orientation of crystals in a
film when compared to the signal intensity of a perfectly random powder.

A common X-ray source is the Cu Ko emission with a wavelength of 1.542 A.
For XRD scans a Philips PANalytical X'Pert PRO MPD diffractometer with Cu Ka

radiation and a Ni filter was used.

2.3 PV device analysis

J-V analysis of OPV devices under light irradiation is a vital part of solar device
characterisation because it gives details of the general device behaviour and performance,
including the mostly cited PCE. OPV device analysis typically includes J-V curves under
dark and light conditions as well as wavelength resolved scans to determine the

EQ £ 152531
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2.3.1 The sun and solar simulation

The spectrum of our sun can be closest described by blackbody radiation, which
was mathematically formulated by Planck in 1900. A blackbody is an ideal absorber and
emitter of electro-magnetic radiation. When it is heated the blackbody starts to emit
electro-magnetic radiation. The spectral emission shape can be described by the Planck

distribution, which is wavelength and temperature dependent (see Equation 2.8).1'"4

2mhc?

EAT) = ﬁ (Equ. 2.8)

e KT _1

In Equation 2.8, E(A,T) is the spectral emissive power, A is the wavelength, /4 is
Planck’s constant, £ is Boltzmann’s constant, ¢ the speed of light and T the blackbody
temperature. As the temperature increases, the emission spectrum changes shape and
shows a more pronounced maximum with a long tail towards longer wavelengths and

drastically increased emission intensity at shorter wavelengths, as seen in Figure 2.12a.
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Figure 2.12 a) Black body emission at different temperatures: 3000 K, 4500 K and 6000 K. b) Solar
irradiation spectra of AMO and AM1.5 in comparison to an ideal black body emission at 6000 K, which
matches the solar spectrum closely. Specific absorption windows reducing the incoming solar irradiance
are labelled. The inset shows the spectral coverage of a 6000 K black body emission with the highest
emission power in the visible range of the solar spectrum.
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Our sun is a giant glowing sphere of heated gas, with a surface temperature of
close to 6000 K, fuelled by nuclear fusion. The sun’s spectral irradiation as observed
from our planet matches the 6000 K blackbody radiation closely as shown in Figure
2.12b, but it also makes it very difficult to simulate a spectrum for such high
temperatures. The inset in Figure 2.12b also shows that the highest spectral emission is
found in the visible part of the spectrum which is very important to be aware of for PV
engineering towards efficient PV cells.

To reach the earth’s surface the sun light has to travel through the earth’s gas
atmosphere, where light absorption and scattering reduces irradiation intensity and leads
to a characteristic spectrum. Typical solar spectrum features on earth originate from light
absorption by water, O, CO, and O3 as shown in Figure 2.12b.1"7* The irradiation
intensity and spectrum are dependent on the distance travelled through the atmosphere
and therefore the incident angle, @am (see Figure 2.13). This angle dependence is

measured in air mass (AM) and can be described by Equation 2.9.

AM = (Equ. 2.9)

CoOS Pam

Figure 2.13 Angle dependence of AM for ¢ay between incoming sun light and surface of the earth
calculated at one surface point. AMO is measured just outside the atmosphere with no atmosphere present.

The extra-terrestrial irradiation intensity spectrum, AMO, is measured outside the
atmosphere giving a light intensity of 135 mW cm™ and does not show any gas

absorption features (see Figure 2.12b). AM1 is defined by the sun position at ¢y= 0° (sun
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overhead) with an AM of 1. For AM1.5 and AM2 the angles are ¢; 5= 48.2° and ¢, = 60°
respectively. With a reduced light intensity of 100 mW cm™ the AM1.5G spectrum is
accepted as the PV device testing standard. The global spectrum, G, is a combination of
direct and diffuse sunlight, where the diffuse light accounts for light reaching the earth
which has been scattered by clouds and the atmosphere.

For reliable PV device testing solar irradiation of AM1.5G was simulated with a
Newport Oriel solar simulator with a xenon arc lamp as a light source. An AM1.5G
spectral filter was employed to match the solar spectrum as closely as possible. The light
intensity was set to 1 sun (100 mW/cm?) using neutral density filters and was measured
with a Fraunhofer calibrated PVM 482 photodiode with a KG-5 filter. By combining
different neutral density filters the beam intensity could be tuned from 10 to about 400

mW cm’ for extended light intensity measurements.!'”!

2.3.2 J-V characteristics

2.3.2.1 Plots and parameters
An important part of the OPV device characterisation is the measurement of J-V

behaviour in the dark as well as under illumination. Figure 2.14a shows these J-V curves
for both types of device architectures, regular and inverted, with charge collection at
opposite electrodes resulting in point symmetric curve plots (centred at 0 V and 0 mA
cm™). The J-¥ measurement involves a device current scan under an applied bias ranging
from a negative to a positive voltage (typically from -1 V to +1 V). Scanned under dark
condition, an asymmetric diode-like J-V curve is recorded. The ideal characteristic diode
current curve of the dark current, Jy,«, shows no current flow under negative bias and an
exponentially growing current under forward bias once the built-in voltage of the diode is
exceeded. Under illumination the J-V curve shows an offset to Juu, known as the
photocurrent, J,;. This gain in current is the crucial part in OPV devices, where incoming
light is transformed into electric current. Important values such as Jsc and Voc are
measured in the fourth quadrant of the J-V plot for regular and in the second quadrant for

inverted OPV devices, where the bias is scanned the other way around.

61



Chapter 2: Experimental

a) b)
0 0
~ 10 - N Vmp 0OC -
' g —&— Regular, light current g c
o - © - Regular, dark current © é
é —— Inverted, light current é a
’
} === Inverted, dark current } o— Light current g
'% 0 '% -5 — | —e— Power — -SQ\'
< o %
g g
g g J m Pmp g
5 = : g,
O @} _ 0
-10 D J
5 10 4| 5¢ — -10
I | ' | ! | ! |
-0.5 0.0 0.5 0.0 0.2 0.4 0.6
Voltage/ V Voltage/ V

Figure 2.14 a) J-V plot of currents in a regular and an inverted device architecture under light and dark
condition. b) Power density plot of a regular device explaining the FF of a PV device.

OPV heterojunction diodes are assumed to be non-ideal diodes due to material
and fabrication process related defects causing current leakage, pin-holes, shorts and poor
contacts, which lead to non-ideal series resistance (R;, ideal = 0 Q) and shunt resistance
(R, ideal = o0).°%) The most widely accepted diode model to describe the J-¥ behaviour

of an OPV device is the generalised Shockley equation (see Equation 2.10).5¢

Rsp qV—JRs) v
](V) =S []S <e nkyT _ 1) + R—Sh] _]ph (Equ 210)

Rs+Rgp

where J(V) is the voltage dependant device current density, V' is the voltage, J; is
the reverse saturation current density and » the diode ideality factor. An electric circuit

equivalent can be seen in Figure 2.15.
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Figure 2.15 Schematic of a circuit equivalent to a PV device including resistances (Rg and Rgy) and load
resistance (R)).

From the J-V behaviour in the dark and under illumination the important OPV
device characterising parameters can be directly read out or indirectly determined,
including Voc, Jsc, fill factor (FF), PCE, operational maximum power output (P,,), Rs,
Ry, Jg and n.

Voc 1s the maximum device voltage achievable across a device at open circuit, i.e.
the load resistance, R; being infinitely high in the outer circuit and at internal charge
equilibrium. On a J-V curve Vo can be found at the voltage intercept where J(7)=0 (see
Figure 2.14b). The voltage obtained from a device in operation under closed circuit
condition and under load is always smaller than V.

Jsc states the maximum achievable net current density in an OPV device at V=0
and R~0, i.e. under short circuit condition. It is the sum of all the collected current from
contributing photoactive layers in a device and is therefore heavily dependent on 7.,
Neds T and 7ee.

P,,, 1s reached when the product of ¥ and J(¥) is maximised, defined as current
density at maximum power point (J,,) and voltage at maximum power point (V)
respectively, where J,,<Jsc and V,,<Voc applies (Equation 2.11). It defines the
operational maximum power output of an OPV device, but also determines the area of the

smaller square area needed to define the FF (see Figure 2.14b).

Prp = VinpJom = VocJscFF (Equ. 2.11)
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FF is determined by the ratio of the operational maximum power output of an
OPV, P, and the maximum achievable power output defined by the product of Js¢ and
Voc demonstrated in Equation 2.12 and Figure 2.14b.

Voclsc Voclsc

(Equ. 2.12)

The FF is always <1. It indicates how closely a measured diode curve matches the
ideal and most efficient square shape and is therefore used to find the PCE of a device.
Factors limiting the FF include both resistances.

One of the most important parameters of OPVs is the PCE, which is defined as
the ratio of P,, and the incident radiation power density (Pi,) shown in Equation 2.13.

The PCE is the overall conversion efficiency of all incoming light into electrical current.
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Figure 2.16 Effect of resistances on J-V curve shape including a) R, and b) Ry,. The arrows indicate the
trend of change in curve shape with a) increasing R, and b) decreasing R, reducing the FF in both cases.

Resistances such as R; and Ry, reduce the FF and therefore the PCE of an OPV
device due to various loss mechanisms (see Figure 2.16). In an ideal device circuit R; is

considered to be zero and Ry, to be infinite. With increasing R, and decreasing Ry, the
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power output of the circuit is reduced. The main loss mechanisms causing an increase in
R, are based on the resistivity of the materials and layers across the cell as well as
resistive contacts. Ry, originates in current leakage through the cell caused by pinholes,
film defects and leaky contacts.

In this thesis J-J measurements were recorded with a computer controlled
Keithley 2400 source-meter. Attached to both device electrodes a voltage is applied to the
device with scans being carried out from -1 V to +1 V for regular and +1 V to -1 V for
inverted devices. This measurement was firstly conducted under dark and afterwards
under illuminated conditions. The device connected in the sample holder is positioned in
the centre of the calibrated light beam. The measured data are collected by a computer
running custom LabView software. All devices were tested in a sealed sample holder

under nitrogen atmosphere unless otherwise stated.

2.3.3 External qguantum efficiency (EQE) measurement

To obtain a better understanding of the photocurrent contribution from the
individual compounds employed in OPV devices, the EQF or incident photon conversion
efficiency (/PCE) can be used to determine their spectral response. For most materials a
close correlation of the absorption spectrum and the spectral photocurrent response is
expected due to exciton formation at the specific wavelength. For devices with several
photoactive compounds the device EQFE reflects the individual photocurrent
contributions. Furthermore, the measurement reveals more information about the exciton
diffusion and the charge collection behaviour of a device. EQFE or IPCE is defined as the
photocurrent response of the OPV device to the incident monochromatic light and defines
the ratio of the number of charges collected in an external circuit per incident photon. It
can also be seen as the ratio of the monochromatic Jscuevices(4) to the theoretical

maximum photocurrent at a particular wavelength as shown in Equation 2.14,

evice)(4 evice)(4
EQE(A) = IPCE(X) = ]SC(ZN(A))( ) _ ’mzsu))( 2 (Equ. 2.14)
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where N(4) is the monochromatic incident photon flux density, ¢ is the
elementary charge, S(4) is the spectral irradiance of the incident light, /# is Planck’s
constant, ¢ is the speed of light and A is the wavelength of the incident photon.’® In
reverse, Jscuevice) €an be estimated by integrating the product of the measured /PCE(4)

and S(4) over the whole irradiation spectrum as demonstrated in Equation 2.15.

Ay qA
]SC(device) = 112 %IPCE(device) (DHSA)da (Equ. 2.15)

Experimentally the /PCE i) 1s calculated by direct comparison of the measured
Jscaevicey to a reference photodiode (silicon solar cell) with a known IPCE.) and

measured Jscgp using the following Equation 2.16:

IPCE(device)(A) — ]SC(device)(l)
IPCE(r¢f)(1) Iscrer)(D

(Equ. 2.16)

EQF example spectra of the spectral current and response of a TiO,/SubPc device
and the reference silicon photodiode as well as the estimated current of the TiOy/SubPc
device are shown in Figure 2.17.

The measurement setup used was based on a Sciencetech solar simulator with a
xenon arc lamp as a white light source and a computer controlled PTI monochromator.
The monochromatic light intensity was calibrated with a Si photodiode (818UV,
Newport) as a reference cell. The current measurement was performed with a current-
voltage amplifier (Femto DHPCA-100) and lock-in amplifier (Stanford Research SR 830
DSP). After an initial reference scan, the device was scanned over the same wavelength
range, typically between 350 and 800 nm. In order to match the active device area either

a masking system or an area correction factor was applied.
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Figure 2.17 EQFE example spectra showing the spectral current and response of a TiO,/SubPc device and
the reference silicon photodiode as well as the estimated current of the TiO,/SubPc device.
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Chapter 3: Nanosphere synthesis

This chapter covers the synthesis of PS nanospheres with small diameter, i.e.
<100 nm, and good monodispersity which are then used for nanosphere templating in
Chapter 5.

A variety of different PS nanoparticles are available commercially, but most of
these latexes contain surfactants used for emulsion polymerisation. Surfactants can
greatly influence sphere self-assembly and packing behaviour with significant impact on
the subsequent formation of colloidal crystals, 3DOM structures and composite OPV
devices.

For PS nanoparticles of small diameters synthesised by radical initiated emulsion
polymerisation, soaps are needed as particle stabilisers. Purification through dialysis to
remove surfactants is not efficient for the small, but expensive batches which are
available commercially. Surfactant-free emulsion polymerisation of small <100 nm

particles is very challenging, but needed for OPV templating application.

3.1 Introduction

3.1.1 Definitions

Colloids are defined as a two-phase system of a dispersed phase and a continuous
phase, where the dispersed phase is homogenously mixed into the continuous phase.!'™®
In the case of two immiscible liquids it is called an emulsion. A dispersed solid in a liquid
is defined as a heterogeneous suspension for particles typically >1 um and a dispersion or
sol for particles <1 um. Suspensions can gradually phase separate due to sedimentation
by gravitational forces. Colloids in dispersions are small enough to be dominated by their
thermal energy or Brownian motion, which balances gravitational forces and keeps them
dispersed. Polymer dispersions in particular are also referred to as latex. If the size

distribution of the particles in a latex is very narrow the particles are monodisperse which

is indicated by the polydispersity index (PDI).
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3.1.2 Emulsion polymerisation

3.1.2.1 Surfactant assisted emulsion polymerisation
One of the most common and suitable techniques to synthesise polymer

nanospheres is radical initiated emulsion polymerisation as it offers good control over
polydispersity and size with the potential to generate sub-100 nm nanospheres.!'”""!
Latex synthesis is based on a heterogeneous reaction using a monomer, surfactant, an
initiator and a dispersion medium, such as water. A typical surfactant used for a variety
of polymer emulsion polymerisations is sodium dodecyl sulphate (SDS).!'*- 18]

In the case of PS synthesis, styrene is dispersed in a water phase. In a first step,
the surfactant emulsifies parts of the monomer by micelle formation. The micelles are
then infiltrated by the monomer. Free radicals are formed in the heating step by initiator
decomposition based on single bond homolysis. The radical attacks a dissolved monomer
and initiates a chain reaction leading to oligomers in the water phase. In a next step the
still reactive oligomers enter the bigger monomer-swollen micelles and continue the
polymerisation eventually forming a colloidal sphere. The terminal active centres are fed
by dissolved monomer from the aqueous phase until either all the monomer is used or the
radical site becomes quenched in one of the possible side reactions.'®* '™ Typical
initiators are anionic persulfates such as potassium persulfate (KPS) and cationic 2,2’-
azobis(2-methylpropion amidine) dihydrochloride (AMPAD). The surfactant and the
charged remains of the initiator on the particle surface lead to colloidal sphere
stabilisation in the dispersion. The molecular structure of the different compounds and
product can be seen in Figure 3.1.

In the case of nanosphere templating in OPVs, surfactants have the ability to form
a residue film on the templated organic interface after organic solvent treatment. A clean
D/A interface is vital for efficient OPV device operation, hence a remaining surfactant
film can severely disturb device operation. Although dialysis removes residues, surfactant
and unreacted monomer in the latex, it may cause sphere instability and particle
agglomeration. Also, surfactants and residues can disturb sphere self-assembly leading to
blockage of the voids in between the particles. Complete removal of surfactants and

reaction residues is very difficult to achieve.!'™"
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Figure 3.1 Molecular structures of compounds used in emulsion polymerisation: a) styrene, b) PS, c)
NaSS, d) AMPAD, e) KPS, f) SDS.

3.1.2.2 Surfactant-free emulsion polymerisation
To produce ‘cleaner’ polymer nanospheres, surfactant-free radical initiated

emulsion polymerisation was developed, using just monomer, a dispersion medium, and
the initiator."® ' Surfactant-free emulsion polymerisation typically leads to particles
with diameters in the range 200 nm to 1000 nm which are stabilised by their ionic surface
charge.!"*”! Smaller particles are hard to achieve due to the absence of additional particle
stabilising surfactant.

The reaction mechanism is similar to a general emulsion polymerisation with the
main difference of micelle formation by preformed oligomers. Oligomers are short
polymer chains generated in the first polymerisation step. They are similar in structure
and function to surfactants consisting of a long hydrophobic tail which assembles inside
the micelle, and an ionic head which faces the aqueous phase providing sphere stability.
After micelle formation by assembled oligomers, monomer and primary radicals diffuse
into the micelles and polymerise. With continuous sphere growth, the particle surface
charge decreases leading to instability. To regain stability particles coagulate benefiting

from the favourable surface-to-volume growth dependence as observed for regular
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emulsion polymerisation. By fusing two or more particles the new particle gains in
surface charge density. The charged surface groups prevent the nanospheres from
aggregation through vdW attraction using electrostatic repulsion to keep the particles
dispersed. The charged spheres form an electrical double layer to maintain charge
neutrality in close proximity of the particles in solution.

To form colloidal crystals with long range order the polydispersity of nanospheres
has to be in the range of 4-8 % in diameter distribution, which correlates with a PDI of
<0.05. ¥ %1 1 qurfactant-free emulsion polymerisation nanosphere synthesis there are
many parameters which determine particle size and polydispersity. Some of the
parameters interfere with each other making precise size control very difficult. Size
control of small particles <100 nm is particularly challenging.!"””’

Amongst the parameters affecting the nanosphere size in a synthesis are reaction
temperature, stirring speed, as well as monomer, initiator and additive concentrations.

With a temperature above 60 °C the initiator decomposition rate is high enough to
be eliminated as the reaction rate limiting factor, which otherwise can lead to uneven
particle growth with a large size distribution. With increased initiator decomposition rate
more nuclei are formed which therefore reduces the average sphere size. A higher
monomer concentration ultimately leads to a higher solid content, but also increases the
particle size due to larger nuclei and more monomer per nuclei’”’ The initiator
concentration defines the number of seed nuclei provided for particle growth, but also
sets the concentration of micelle forming oligomers. Hence, an increase in initiator
concentration with all other parameters kept constant causes a decrease in particle size
but is also linked to a higher PDI due to secondary nucleation.'®! However, with
increasing initiator concentration the ionic strength of the solution increases and thins the
vital electrical double-layer which prevents the particles from coagulation during the
growth process. This effect leads to an increase in particle size and also polydispersity. In
the literature both processes were observed.!'*¢ 111921

To synthesise small nanospheres, styrene-4-sulfonic acid sodium salt (NaSS) can
be added in low quantities as a monomer building block.["” NaSS$ is based on a styrene

monomer which is functionalised with a sulfonic acid substituent for increased surface

charge in anionic systems. The molecular structure of NaSS is shown in Figure 3.1.
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Unlike surfactants, NaSS copolymerises with styrene and adds charged functional groups
to the otherwise hydrophobic polymer chain and therefore increases the surface charge.
With even small concentrations of NaSS the particle size was significantly reduced due to
promoted nucleation but also the additional surface charges."”! Xue er al. achieved
particle sizes of about 40 nm with NaSS and a continuous monomer feed.!"”* NaSS helps
to form smaller particle sizes but can also lead to high polydispersity. Similar to an
increased initiator concentration, the ionic strength of the solution can be raised with
added NaSS and can therefore cause particle coagulation and larger particle sizes.
Therefore, a balance between low particle diameter, latex stability and acceptable
polydispersity has to be found.

The entire synthesis is very oxygen sensitive due to initiator quenching, which
explains why the synthesis is performed under N,. However, oxygen can also be used to
quench the polymerisation in an early stage, when the particle size is still small. By not
allowing full conversion the solid content is assumed to be very low and purification

needs much more care due to vast amounts of remaining monomer.

3.1.3 Dynamic light scattering (DLS)

Dynamic light scattering is a commonly used technique to determine the diameter
of nanospheres in dispersion.!'””! Compared to other techniques such as EM, DLS is very
quick and reliable if the particle size distribution in the sample dispersion is close to
monodisperse. Particle size determination by DLS does not require sophisticated sample
preparation and is well established in the field.

The measurement is based on the evaluation of the Brownian motion driven
particle diffusion. The particle size can be determined from the diffusion coefficient, D,

by using the Stokes-Einstein equation (Equation 3.1),

d(H) = % (Equ. 3.1)

where d(H) is the hydrodynamic diameter of the particle, kz is Boltzmann’s

constant, 7 is the absolute temperature and 7 is the viscosity. The measurement setup
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includes a laser light source, a sample holder accommodating the cuvette and a
photomultiplier as a detector. Measurement control and data analysis are performed by
computer-assisted Malvern software. The incoming laser beam is scattered by the
nanoparticles in dispersion generating a scattering pattern, which is detected at a set angle
by the detector. As the nanoparticles diffuse randomly, the light scattering pattern and
intensity change over time and are monitored. The signal correlation is of short life time
and decays very quickly depending on the particle size. By using a correlation function
the decay can be fitted to extract D and therefore d(H). Smaller particles diffuse quicker
than larger ones and show faster correlation function decay. The PDI in DLS is derived
from the slope of the decay fit and is specifically used for sphere diameter
characterisation differing from the polydispersity index definition of polymers defined by
molecular mass distribution. PDI values are typically much smaller than 1. Values lower
than 0.05 are regarded as monodisperse, i.e. a very narrow size distribution. Care has to
be taken with non-spherical or aggregated particles as their diameter might be
overestimated by the measurement. The hydrodynamic diameter d(H) is slightly larger
than the diameter of the sole dry particle, because it includes the electrical double layer.
To compare different types of synthesis and to screen specific synthesis
parameters, DLS is a good technique for particle characterisation to determine the
average hydrodynamic diameter (Z-average diameter) and PDI of a latex compared to
EM. Dynamic light scattering measurements in this chapter were performed on a Malvern

Instruments Zetasizer 3000HSA and a Malvern Zetasizer Nano in aqueous dispersion.

3.1.4 Aim

Small monodisperse PS nanoparticles, ideally <100 nm, from surfactant-free
emulsion polymerisation need to be synthesised to achieve nanosphere templating on Lp
scale. In a first approach certain synthesis parameters are screened in experiments in a
round-bottom flask. In a second step the synthesis is conducted in a jacketed reactor with
focus on the influence of NaSS concentration to systematically study size and
polydispersity behaviour. The particle sizes were initially in the range 100 nm to 300 nm

with further improvements made to achieve diameters <100 nm.
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3.2 Experimental

3.2.1 Nanosphere synthesis

The general procedure of emulsion polymerisation in either a round-bottle flask or
a reactor involved a degassing phase, polymerisation initiation and conversion.!'** '?7)

First the monomer styrene (Fluka, purum, monomer, > 99 % (GC), 0.005 % 4-
tert-butylcatechol) and the required volume of deionised, prior degassed water were
poured together in the reaction vessel. Depending on the type of synthesis other additives
including surfactant SDS (BDH Laboratory supplies), co-monomer NaSS (Aldrich,
technical, > 90 %) and pH buffer sodium hydrogen carbonate (NaHCO3) (Aldrich, > 99.5
%) were added. The vessel was then sealed with septums to provide a closed system and
the solution was degassed by excess N, injection below the solution surface through an
inserted needle for about 30 minutes under constant stirring. After completion of the
degassing stage the reaction solution was heated up to 70 °C followed by initiator
injection from a syringe. The initiator was pre-dissolved in a few millilitres of distilled
water. The nitrogen syringe was then withdrawn above solution level. In these
experiments two radical generating initiators of opposite charge were used, anionic KPS
(K5S,0s, Aldrich, 99 %) and cationic AMPAD (Aldrich, 97%). A first indicator of a
working initiator is the change in appearance of the dispersion from transparent to opaque
white. This change is due to particle formation of <50 nm in diameter which happens
within the first 20 minutes to one hour. The reaction was stirred for at least 4 hours to
reach full conversion. After cooling to room temperature the nanosphere dispersion was
filled into dialysis tube membranes (Sigma-Aldrich, Dialysis Tubing, Cellulose
membrane, 33 mm diameter). The latex was dialysed against distilled water for up to two
weeks. For efficient monomer and additive removal the water was changed daily. Upon

completion the product was stored in air-tight bottles in the dark.

3.2.1.1 Round-bottom flask
In the first experiments a 250 mL round-bottom flask with a magnetic stirrer bar

and an oil bath heater was employed for PS nanospheres synthesis. In these experiments
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different compounds and parameters for radical initiated emulsion polymerisation of
monodisperse nanospheres were screened. The temperature was monitored by a
temperature probe immersed in the oil bath and controlled by a temperature controller
linked to the hot plate. The stirring speed during the reaction was held at ca. 200-300
rpm. A total of five reaction recipes were screened in this way.

In reaction 1 (R1) to 3 (R3), deionised water (90 mL), styrene (10.0 g, 0.10 mol)
and KPS initiator (0.05 g - 0.10 g, 0.2 x 10~ mol - 0.4 x 10~ mol) were used (see Table
3.1). To reduce the particle size and to probe the potential of a surfactant, SDS (0.50 g,
1.7 x 10~ mol) was added in (R3).

Table 3.1 Summary of the experimental parameters of synthesis (R1) to (R3) using KPS with different
synthesis conditions. The synthesis was carried out in a round-bottom flask.

React. H,O Styrene KPS NaSS SDS

[mL]  [mol L] [10°mol L] [10°molL']  [10° mol L]
(R1) 90 1.07(10.0g) 2.1(0.05¢g) 5.4(0.10 g) Surfactant-free
(R2) 90 1.07 (10.0g) 4.1(0.10g) 5.4(0.10 g) Surfactant-free

(R3) 90 1.07(100g) 2.1(0.05g)  5.4(0.10g) 19.3 (0.50 g)

In reaction 4 (R4) and 5 (R5), deionised water (100 mL), styrene (1.0 g, 0.01 mol)
and AMPAD (0.16 g, 0.6 x 10 mol) were used. A technique to reduce the particle size
involves reaction quenching by sudden O; injection, and is used in (R5). The exact details

for each reaction are summarised in Table 3.2.
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Table 3.2 Summary of the experimental parameters of synthesis (R4) and (R5) using AMPAD with
different synthesis conditions. The experiments were carried out in a round-bottom flask.

React. H,O [mL]  Styrene [molL'] AMPAD[10° molL"']  Quenching

(R4) 100 0.10 (1.0 ) 59(0.16 g) -

(R5) 100 0.10 (1.0 g) 5.9(0.16 g) 0,

3.2.1.2 Reactor
In later experiments a 250 mL reactor with an overhead four-blade stirrer and a

water heater aggregate (HAAKE K41) has been used to allow better control over
parameters such as temperature and stirring compared to synthesis in the round-bottom
flask. The reactor setup is shown in Figure 3.2. Typical stirring speeds were between 250
and 350 rpm.

Overhead stirrer

N, supply

Water outlet

Jacketed reactor vessel

Hot water inlet

Drain

Figure 3.2 Photograph of the reactor setup for emulsion polymerisation of PS latex.
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In reaction 6 (R6) to 8 (R8) deionised water (180 mL), styrene (2.0 g — 10.0 g,
0.02 mol - 0.10 mol), AMPAD (0.10 g - 0.30 g, 0.4 x 10~ mol - 1.1 x 10~ mol) or KPS
(0.05 g, 0.2 x 10~ mol) with NaSS (0.10 g, 0.5 x 10~ mol) were used to study full
conversion emulsion polymerisation with an anionic and a cationic initiator in a reactor.
In experiments 9 (R9) to 19 (R19) deionised water (180 mL), styrene (20.0 g, 0.19 mol),
KPS (0.10 g, 0.4 x 10~ mol), NaHCO; (0.10 g, 1.2 x 10™ mol) and NaSS$ (<0.40 g, <1.9 x
10 mol) were used to study full conversion emulsion polymerisation. In this set of
experiments all parameters were kept constant only varying the concentration of NaSS to
regulate particle size and PDI. These experiments were all based on the anionic initiator

KPS. The details for each reaction (R6) to (R19) are listed in Table 3.3.

Table 3.3 Summary of the experimental parameters of synthesis (R6) to (R8) using AMPAD and KPS as
well as (R9) to (R19) using KPS with varying NaSS concentration. All reactions were carried out in a
reactor.

React. H,O Styrene AMPAD KPS NaSS

[mL]  [mol L] [10°molL']  [10°molL']  [10” mol L]
(R6) 180  0.53(10.0g) 2.0(0.10g) - -
(R7) 180  0.11(2.0g)  6.1(030g) - -
(R8) 180  0.53(100g) - 1.0 (0.05 g) 2.7(0.10 g)
(R9) 180  1.07(200g) - 2.1(0.10 ) 0.0 (0.00 g)
to (R19) to 10.8 (0.40 g)

3.2.2 Sphere size characterisation and solid content measurement

Dynamic light scattering (DLS)

The nanosphere dispersion was analysed after dialysis with DLS to determine the
Z-average diameter and PDI. The dispersion was either used as synthesised or slightly
diluted to satisfy the scattering conditions. Sample dispersions were analysed in

disposable plastic cuvettes at 25 °C after at least 10 minutes of temperature equilibration.
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Typically, data acquisition times of 20 seconds per measurement with 10 measurements

per run, averaged over 10 runs, were used to determine particle diameter and PDI.

Electron microscopy (EM)

For selected latexes additional size analysis by TEM or SEM was carried out to
determine the sphere diameter of the dry particles, which is slightly lower than the
average diameter determined by DLS. An average number of at least 30 particles were

measured for each reaction using the software Image Tool 3.00.

Solid content measurement

The determination of solid content mass fraction of a latex was performed
gravimetrically. A measured amount of dispersion was weighed on a metal tray with a
defined mass and put in an incubator over night to evaporate the solvent. By weighing the
tray again with just the remaining dry solid content, the solid mass fraction can be

calculated.

3.3 Results

3.3.1 Nanosphere synthesis in the round-bottom flask

The first PS emulsion polymerisation experiments (R1) to (R5) were all carried
out in a round-bottom flask following a modified recipe published by Tauer et al. and
McLachlan et al."® ! The recipe was adapted for the synthesis of PS nanospheres of
<100 nm in diameter using both initiators.

(R1) and (R2) used the same conditions for surfactant-free emulsion
polymerisation with only a change in KPS initiator concentration between 2.1 x 10~ mol
L' and 4.1 x 10° mol L™ (0.05 g —0.10 g, 2.1 x 10~ mol - 4.1 x 10™ mol). The increase
in KPS concentration results in a slightly larger particle diameter and PDI, increasing
from 100 nm and a PDI of 0.010 in (R1) to 118 nm and a PDI of 0.052 in (R2) (see Table
3.4). For both reactions the nanospheres are reasonably monodisperse and can be used for

colloidal crystal growth. With increasing initiator amount more micelle forming
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oligomers and nuclei are created. If the monomer concentration is kept constant more
spheres with smaller diameter should be created. However, the regulation of the sphere
size via increased initiator concentration is not the most reliable parameter in a round-
bottom flask synthesis due to temperature and stirring inhomogenity and hence the

expected trend is not seen.

Table 3.4 Summary of the experimental data of synthesis (R1) to (R3) using KPS as well as (R4) and (R5)
using AMPAD. The reactions were carried out in a round-bottom flask. Sizes and polydispersity were all
measured by DLS after dialysis.

React.  Initiator Treatment Z-average diameter  PDI Weight percentage
[10” mol L] [nm)] [%]

R1) 2.1 (KPS) 100 0.010 6.0

(R2) 4.1 (KPS) 118 0.052 7.5

(R3) 2.1 (KPS) SDS 44 0.149 9.6

(R4) 5.9 (AMPAD) 82 0.058 0.3

(R5) 5.9 (AMPAD) O, quenched 61 0.086 <0.1

To achieve particle sizes of <<100 nm SDS was added as a surfactant in (R3)
using the same conditions as for (R1) to compare it as a reference system. The addition
surfactant SDS with a concentration of 19.3 x 10~ mol L™ showed a large effect with a
decreased particle diameter of ca. 44 nm, but a very high polydispersity, PDI = 0.149.
Figure 3.3 shows SEM images of PS nanospheres of (a) 100 nm (R1) and (b) 44 nm (R3)
particle diameters. With all other parameters kept constant the difference of a surfactant-
free reaction (R1) and SDS containing (R3) is clearly visible in sphere size and
polydispersity, but also particle shape. The nanoparticles in (R1) appear to be spherical
and uniform in size. However, the particles in (R3) do not all show a typical spherical
shape and the sphere boundaries are not well defined. This clustering effect could be due
to the remaining surfactant which acts as a glue and fuses the particles together leaving

no interstitial vacancies between the particles.
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Figure 3.3 SEM images of PS nanospheres of a) 100 nm (R1) and b) 44 nm (R3) in diameter using KPS as
the initiator. The difference of a surfactant-free reaction (R1) and SDS containing (R3) is clearly visible in
sphere size and polydispersity, but also particle shape. Despite dialysis the remaining surfactant glues the
particles together to form clusters. The scale bar is 200 nm.

In contrast to surfactant-free emulsion polymerisation, SDS pre-forms micelles in
water due to its ionic molecular architecture, i.e. a polar head and apolar tail. This leads
to a different reaction mechanism with the initiator being primarily responsible for nuclei
formation. The micelles also help to stabilise PS particles of critically small sizes to form
spherical shapes in water without collapsing. Such low particle diameters as achieved in
(R3) would be desirable for nanosphere templating in composite OPVs. However, the
very high polydispersity and the sphere clustering makes the latex unsuitable for colloidal
crystal growth.

Reaction (R1) to (R3) resulted in small spheres of around 100 nm or less in
diameter from a full conversion reaction. For all anionic particles based on KPS as the
initiator, NaSS was added in small concentrations as an anionic co-monomer to increase
the surface charge of formed particles. This leads to further particle stabilisation in
aqueous solution. For cationic particles based on AMPAD an equivalent functionalised
co-monomer is not commercially available and has to be synthesised which limits its use
for the synthesis of small <100 nm particles.

In surfactant-free emulsion polymerisations (R4) and (R5) the cationic initiator,
AMPAD, was used functionalising the surface of the particles with positively charged
terminal groups. Both reactions were run under the same conditions with a low styrene
concentration of only 0.10 mol L™ (1.0 g, 0.10 mol) in deionised water (100 mL). (R4)

was run until full conversion was achieved which led to nanospheres of 82 nm in
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diameter and a PDI of 0.058 (Table 3.4). Such a PDI indicates a larger size distribution
but is still acceptable for further templating applications. To reduce the particle diameter
further without the help of surfactants such as SDS an alternative attempt was based on
radical quenching with O,.

In (R5) the same conditions were applied as for (R4) except the reaction was
quenched by O, injection at a specific point of conversion during the reaction process
with immediate arrest of the particle growth. The quenching step was conducted after a
slight change in appearance of the solution from transparent to slightly opaque white
which indicates that the particle growth process reached a sphere size of about 50 nm in
diameter. The quenching in (R5) led to almost monodisperse particles with a PDI of
0.086 and a diameter of 61 nm. Although the particles are not classified as monodisperse
anymore the polydispersity is still acceptable for further templating applications
employing such small particles (Table 3.4).

Figure 3.4 Images of PS nanospheres of O, quenched (R5) obtained by a) SEM and b) TEM. The scale bar
is 200 nm.

As can be seen in the SEM and TEM images in Figure 3.4 the particles do not
cluster as seen for SDS based particles from (R3). The nanoparticles are not entirely
spherical in shape which can lead to an overestimation of the diameter measured by DLS.
A more reliable size measurement was carried out by TEM resulting in an average
diameter of 35 nm for the dry particle with a relative standard deviation of 9.9 %.

However, by using reaction quenching rather than full conversion at already low

styrene concentrations, (R5) did result in very low solid content and therefore weight
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percentage. The latex also requires very thorough dialysis to clean the dispersion from
remaining monomer, which is very challenging with simple dialysis tubes. Another
concern is the particle stability because the reaction was quenched in a non-equilibrium
state compared to full conversion reactions which can lead to particle coagulation.
Furthermore, a size determination at the point of change in appearance only by eye is not
precise enough to obtain good reproducibility for such small particles. To synthesise
small nanoparticles of a particular size using the quenching approach it would be
desirable to predict the particle size at each state of the synthesis for more accurate
reaction quenching. Tauer et al. used in-situ measurements including specific
conductivity as well as transparency in combination with the corresponding calibrated
sphere size to track the particle size development during emulsion polymerisation which
could help to find a more systematic approach.!””

One of the main problems with round-bottom flask based synthesis is the
consistency of temperature and inhomogeneous stirring. As the reaction temperature is
measured in the oil bath and heat is applied from the hotplate, the temperature in the
round-bottom flask can fluctuate easily by a few degrees. Furthermore, a temperature
gradient of up to 10 °C below the required 70 °C was measured inside the flask with the
coldest point in the centre of the reaction vessel. Such a gradient can cause differences in
reaction kinetics and initiator activation which can cause batch-to-batch variations in
sphere size and polydispersity. This temperature gradient is partly caused by the indirect
heat monitoring but also insufficient stirring capability which results in limited

reproducibility and consequently led to reactor based PS emulsion polymerisation.

3.3.2 Reactor based nanosphere synthesis

Surfactant-free emulsion polymerisation in a reactor equipped with a temperature
controlled water jacket and an overhead stirrer allows better control and homogeneity of

the reaction temperature and stirring.
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Figure 3.5 SEM images of PS nanospheres of a) 298 nm (R6), b) 253 nm (R7) and c¢) 115 nm (R8), in
diameter using AMPAD in (R6) and (R7) or KPS in (R8) as the initiator. The reduction in concentration of
styrene from 0.53 mol L™ (10.0 g) to 0.11 mol L™ (2.0 g) and an increase of the concentration of the
initiator from (R6) to (R7) showed only a slight decrease in diameter. In (R8) the same compound
quantities as in (R1) are used with a lower styrene concentration resulting in a comparable particle diameter
and PDI. The scale bar is 500 nm.

Figure 3.5 shows SEM images of PS nanospheres of reactor based surfactant-free
emulsion polymerisations (R6) to (R8) using AMPAD in (R6) and (R7) and KPS in (RS).
(R6) and (R7) resulted in particle diameters of 298 nm and 253 nm and a PDI of 0.013
and 0.045 respectively. With the aim to synthesise smaller particles the concentration of
styrene in the reaction was reduced from 0.53 mol L™ (10.0 g, 0.10 mol) to 0.11 mol L™
(2.0 g, 0.02 mol) and the initiator concentration was increased from 2.0 x 10~ mol L™
(0.10 g, 0.4 x 10 mol) to 6.1 x 10~ mol L™ (0.30 g, 1.1 x 10” mol) from (R6) to (R7).
The change of parameters led to a decrease in diameter by 45 nm which follows the
expected trend of styrene and initiator concentration changes. When compared to the
round-bottom flask reaction (R4) with similar conditions (R7) shows drastically increased
particle size from 82 nm to 253 nm instead of the expected slight reduction. This also
gives an indication of how different the two reactor systems are which makes cross-
comparison between round-bottom flask and reactor very difficult.

Reaction (R8) uses the same quantities as (R1) in the reactor with a lower styrene
concentration resulting in a latex of very monodisperse particles with a diameter of 115
nm and a PDI of 0.014. This is the same particle diameter as achieved in (R1) but with a
slightly lower polydispersity. Due to a favourable particle size and PDI the latex of (R8)
is very suitable for further use in colloidal crystal growth. The data of (R6) to (RS)
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including type of initiator, average particle diameter, PDI and weight percentage are

summarised in Table 3.5.

Table 3.5 Summary of the experimental data of synthesis (R6) and (R7) using AMPAD and (R8) using
KPS. The reactions were carried out in a reactor. Sizes and polydispersity were all measured by DLS after
dialysis.

React. Initiator [10° mol L] Z-average diameter [nm] ~ PDI Weight percentage [%]
(R6) 2.0 (AMPAD) 298 0.013 3.9
R7) 6.1 (AMPAD) 253 0.045 0.6
(RB) 1.0 (KPS) 115 0.014 2.2

Table 3.6 shows the different nanosphere characteristics of latexes (R1), (R5) and
(R8) determined by DLS and EM which were selected for further use in nanosphere
templating in Chapter 5. The main difference between the two measurement techniques is
the slight change in sphere diameter. The average diameter of the dry particles
determined by EM is always smaller than the Z-average diameter from DLS due to the
additional electrical double layer. With smaller nanospheres the particle stabilising
charge density on the particle surfaces increases leading to a thicker double layer and a

larger diameter difference.

Table 3.6 Summary of the different nanosphere characteristics from (R1), (R5) and (R8) comparing the
size measurements obtained by DLS and EM.

Reaction ~ Average diam.  Standard deviation  Relative standard Z-average diameter  PDI
(dry) [nm] (dry) [nm] deviation (dry) [%]  (DLS) [nm]

R1) 78 4.6 5.9 100 0.010

(RS) 35 3.5 9.9 61 0.086

(R8) 96 5.0 5.2 115 0.014
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For surfactant-free emulsion polymerisation the co-monomer NaSS is an
important additive to achieve PS particle diameters of far less than 200 nm with anionic
initiators. In reactor experiments (R9) to (R19) based on KPS, all parameters of the
reaction were kept constant with only NaSS being varied from 0 to 2 weight percent of
the monomer or 0 to 10.8 x 10° mol L' (0 g - 0.40 g, 0 mol - 1.9 x 10~ mol) in
concentration to screen particle diameter development and PDI against increased NaSS
concentration. With the set of experiments a reliable reaction system should be developed
which allows the prediction of the particle size with known parameters. Moreover, it
helps to determine the upper and lower particle size and polydispersity limits of the
system. Figure 3.6 shows the data trend obtained from (R9) to (R19) of particle diameter
and PDI against varying NaSS concentration. The complete summary of the experimental

data of synthesis (R9) to (R19) can be found in Table 3.7.
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Figure 3.6 Plot of the average sphere diameter and the corresponding PDI against the amount of NaSS as a
percentage of the styrene monomer weight.
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Table 3.7 Summary of the experimental data of synthesis (R9) to (R19) using KPS with varying NaSS
amounts as a percentage of the monomer amount. All reactions were carried out in a reactor. Sizes and
polydispersity were all measured by DLS after dialysis.

React.  NaSS NaSS Z-average diameter PDI
[10'3 mol L'l] [wt % styrene] [nm]

(R9) 0.0 (0.00 g) 0.00 558 0.012
(R10)  0.3(0.01¢g) 0.05 320 0.044
(R11)  0.5(0.02 g) 0.10 182 0.005
(R12) 1.3 (0.05 g) 0.25 167 0.015
(R13)  2.7(0.10 g) 0.50 144 0.008
(R14) 4.0(0.15¢g) 0.75 92 0.017
(R15) 54(020¢g) 1.00 102 0.031
(R16)  6.7(0.25g) 1.25 104 0.037
(R17)  8.1(0.30g) 1.50 66 0.078
R18)  9.4(035¢g) 1.75 67 0.113
(R19) 10.8(0.40g)  2.00 53 0.268

There are two clear opposite trends with increased NaSS concentration. The
particle diameter first drops sharply from 558 nm in (R9) with no NaSS to 320 nm in
(R10) and 182 nm in (R11) with 0.1 % NaSS. A further increase in NaSS concentration
to 2.0 % in (R19) shows a steady decline in diameter to as small as 53 nm. Despite the
high PDI, such low particle sizes are close to the reported diameter of 41 nm obtained by
constant monomer feed.!"”* (R14) to (R16) with NaSS concentrations of 0.75 % to 1.25%
show very little variation in size with all particle diameters remaining steady at around
100 nm but increased polydispersity with higher NaSS concentration. The PDI
development with increasing NaSS concentration shows the opposite trend to the size
development. Latexes from low NaSS concentrations of ~1.25 % (R16) have a PDI much

lower than 0.05 which makes them monodisperse. From (R17) to (R19) the system
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becomes very polydisperse with PDIs of up to 0.268. Both trends fit well with the
expected behaviour and show clearly the limits of the system which fit to findings in the
literature."*® ) The experiments showed that the monodispersity of the latex up to
NaSS concentrations of 1.25 % in (R16) is preserved. Other sources claim a NaSS
concentration of 10 x 10~ mol L to be the limit for a PDI of <0.1 which is almost
double the concentration of 6.7 x 10~ mol L™ (R16) found in the reactor experiments.!'**
18] With increasing NaSS concentration the charge number on a polymer chain and
therefore the water-solubility are increased. Consequently fewer chains are needed to
stabilise a colloid in water. More particles can be formed and hence the sphere size is
reduced.!"”® On the other hand polydispersity increases due to a higher ionic strength of
the solution which leads to particle coagulation and therefore broadens the size
distribution.

The method shows that surfactant-free emulsion polymerisation of PS in (R9) to
(R16) with NaSS concentrations from 0 % to 1.25 % produce monodiperse latexes
covering the particle diameter range of 558 nm to 92 nm which are suitable for further
use in colloidal crystal growth. Latexes of smaller particle diameters show an increased
polydispersity and are limited in use for high quality colloidal crystal growth but might

well be suitable as an alternative porosity template.

3.4 Conclusion

Surfactant-free emulsion polymerisation is particularly challenging for the
synthesis of monodisperse nanospheres with diameters of <200 nm due to the lack of the
stabilising effect of surfactants. However, particles with diameters approaching the range
of Lp without surfactants are needed for templating approaches suitable for OPV devices.

The PS nanosphere synthesis was based on radical initiated surfactant-free
emulsion polymerisation. Synthesis was carried out in a round-bottom flask in the first
experiments. The synthesis was then extended to a reactor which provides more control
and consistency over reaction parameters such as stirring and temperature. It also allows

larger batch volumes and higher percentages in solid content.
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Reactions in the round-bottom flask with varying concentrations of styrene and
both types of initiator, anionic KPS and cationic AMPAD, led to monodisperse latexes of
ca. 80 nm to 120 nm in sphere diameter. An increase in initiator concentration of KPS did
not lead to the expected decrease in particle size remaining close to 100 nm in diameter.
The SDS surfactant based reference reaction showed a significant reduction in particle
diameter to as low as 44 nm but suffered from high polydispersity and resulted in non-
spherical particle clusters with no use for templating purposes. The O, quenched reaction
showed a promising reduction in particle diameter from 82 nm at full conversion to 61
nm. Although the latex was almost monodisperse, the main disadvantages of this
approach are latex purification, stability and very low solid content. Despite no
differences in reaction mechanism between cationic and anionic initiators, there is no co-
monomer such as NaSS for cationic AMPAD commercially available to improve the
particle stability at reduced diameter which makes it less interesting as a reaction system
for very small particles.

Reactor based reactions under similar conditions as used for the round-bottom
flask led to much larger particles of 253 nm to 298 nm for AMPAD and similar particle
diameters of around 100 nm but very monodisperse particles with KPS. This highlights
how different the two reactor systems are which makes cross-comparison between round-
bottom flask and reactor very difficult.

In a series of reactions varying only the NaSS co-monomer concentration two
opposite trends were observed. With increasing NaSS concentration the particle diameter
decreased and the PDI showed an increase following the expected trend behaviour which
is also reported in the literature. Latexes with particle diameters from 550 nm down to
about 90 nm were all monodisperse and suitable for colloidal crystal growth. The limit in
NaSS weight percentage of the monomer for small and monodisperse nanospheres was
found to be <1.25 %. Particles with diameters as small as 53 nm were achieved but show
a much broader size distribution and are not suitable for high-quality colloidal crystal
growth. Nevertheless, it could serve as a template for porous structures with pore
diameters <<100 nm. The regulation of the NaSS concentration parameter in reactor
based reactions proves to be the most promising method to achieve good control over

nanosphere size and polydispersity producing latex suitable for templating purposes.
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Chapter 4. Planar heterojunction devices

In this chapter planar heterojunction OPV devices employing aqueous solution
processable small molecule TSCuPc and polymeric PTEBS in combination with Cg have
been fabricated and optimised. Only very few studies with these materials have been
reported and more comprehensive studies are required to understand such water-soluble
donor materials.

Thin films were studied in detail using UV/vis absorption spectroscopy, XRD and
AFM. Combined with J-V analysis a deeper understanding of the relation between
material characteristics, thin film morphology and the impact on OPV device behaviour
is presented. Planar heterojunction devices of TSCuPc and PTEBS serve as model
systems to understand and interpret the 3D interpenetrating nanostructured D-A

composite thin films and devices in Chapter 5, where both donors are employed.

4.1 Introduction

4.1.1 Solution processed TSCuPc

The most common thin film deposition process for molecular semiconductors is
HV OMBD, a thermal vapour-deposition technique, which enables highly reproducible
thin film growth and complete device fabrication.*® The use of solution processed
molecular semiconductors for OPV devices has received considerably less attention,

(2001 [ contrast to most solution

despite the potential for cheaper device manufacture.
processed molecular semiconductors, TSCuPc can be deposited from aqueous solution,
which simplifies the device fabrication process and makes it potentially more
economically as well as ecologically viable. The molecular structure of TSCuPc is shown
in Figure 1.7c in Chapter 1. TSCuPc has also demonstrated potential for more general
applications in organic electronics, with new thin film structures for electrode

modification as well as templated porous and composite structures.””'**! In addition,

water-soluble Pcs are non-toxic and find applications as photo-sensitisers in anti-cancer
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drugs.”® Thin film fabrication of water-soluble Pcs has been demonstrated using a
number of different techniques including spin-coating and Langmuir-Blodgett methods in
order to obtain precise control over molecular stacking and film thickness.'*%* 2°!

Hatton et al. successfully demonstrated an improvement in the performance of
bulk heterojunction OPV devices through electrode modification by incorporating an
interlayer of nanostructured TSCuPc-sensitised multiwall carbon nanotubes (MWCNTs)
between the ITO substrate and the photoactive polymer:fullerene (P3HT:PCBM)
blend."”* 2°!- 2 1 this device the TSCuPc/MWCNT composite interlayer acts as a hole-
extraction layer due to improved interfacial energy level alignment with the HOMO of
P3HT. More recently, Benten et al. reported the fabrication of TSCuPc films from layer-
by-layer deposition with a modified OPV device architecture, demonstrating a PCE of
0.01 %.%°1 Due to its relatively rare property of water-solubility TSCuPc has also found
application in nanosphere templating as one of the few solvent compatible infiltration
materials to generate porous large area organic semiconductor thin films with 400 nm

(202, 2991 Complete D/A 3D composite

down to sub-100 nm open-cellular 3D networks.
structures have subsequently been fabricated by back-filling of porous thin films with an

appropriate electron acceptor material.2*> ")

4.1.2 Solution processed PTEBS

Most polythiophenes are solution processed from environmentally damaging
organic solvents such as chlorobenzene and toluene. The solubility of polymers such as
polythiophenes, arises from the functionalisation through appropriate side chains.
Usually, the films are cast from a blend of the polymer, P3HT being the most common,
and the electron acceptor material, typically PCBM, forming efficient BHJ devices. One
of the few exceptions is the water-soluble polythiophene PTEBS, which is functionalised
with a methoxyalkyl sulfonate group for greatly enhanced water solubility.'’” The
molecular structure is shown in Figure 1.7f in Chapter 1. By using water as a solvent the
device fabrication process is much more environmentally friendly and cost effective.
Despite its obvious advantages very few studies have reported the use of this type of

polythiophene.
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Conjugated polymers functionalised with ionic side groups, also known as
conjugated polyelectrolytes (CPE), have been employed as donor materials in
conjunction with a water-soluble Cgy derivative in controlled layer-by-layer deposited
OPV devices, and show PCEs of up to 0.04 %.'!

The first devices employing the CPE based polythiophene PTEBS were
polymer/TiOx hybrid devices with PCEs of up to about 0.1 % but very low
photocurrents.?'> 2! Miller et al. fabricated bilayer OPV devices from PTEBS and
PTEBS/MWCNT composites with Cgy as the electron acceptor. The use of
PTEBS/MWCNT composite donor layers improved the FF and the PCE from 0.46 % to
0.55 % due to more favourable energy alignment and enhanced hole extraction.**” 4!
Independently, Yang et al. reported PCEs of about 0.4 % for PTEBS/Cs devices based
on thick PTEBS layers of around 60 nm. Here the reported Jsc was below 1 mA cm™,
Similar to TSCuPc, PTEBS is a potential electron donor material suitable for template
infiltration from water to form open-cellular polymeric semiconductor thin films as well

as whole D-A composite structures and OPV devices in a second fabrication stage.*""!

4.1.3 Aim

For water-soluble TSCuPc and PTEBS, the dependence of solution concentration,
film thickness, crystallinity and solar device performance were investigated to
characterise and optimise the devices which are then used as model cells for D-A 3D-
nanostructured composite devices in Chapter 5. The TSCuPc and PTEBS thin films are
characterised by UV/vis absorption spectroscopy and AFM to develop a deeper
understanding of the molecular arrangement and its impact on subsequent OPV device
behaviour. Additionally, the films were taken through the fabrication steps used for
nanosphere templating in order to understand the impact on OPV devices, including heat

and solvent treatment (see also Chapter 5).
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4.2 Experimental

OPV devices were fabricated on pre-cleaned ITO-coated glass substrates, which
were treated in UV/ozone to remove contaminants and improve the wettability of the ITO
prior to film deposition. TSCuPc was used as purchased without further purification. The
solutions were prepared using deionised water (pH 7) and basic solutions (0.1 M NHj3, pH
11) with the TSCuPc concentrations ranging from 5 mg mL™” to 20 mg mL™". The
solutions were stirred for 24 hours at 50 °C and then filtered (0.2 pum) before spin-coating
at 2000 rpm for 1 minute in air under ambient conditions. PTEBS (MW = 100-1000 k)
solutions with dye concentrations from 1 mg mL" to 15 mg mL™" were prepared with
ammonia solution (pH 11) to improve the polythiophene solubility in water. The
solutions were stirred for 24 hours at 50 °C and then centrifuged at 10000 rpm to remove
larger, undissolved particles before spin-coating at 1500 rpm for 2 minutes. The films
were then dried for 30 minutes in air at room temperature, followed by 15 minutes at 100
°C under an inert atmosphere to remove any remaining water or ammonia.

The general bottom-up thin film device structure used on top of the ITO was
PTEBS or TSCuPc as the electron donor material followed by Cg and BCP sandwiched
by an Al top electrode. Cgp, BCP and Al were deposited by OMBD. Cgy and BCP films
were grown with film thicknesses of 40 nm and 7 nm respectively, if not stated
otherwise. In the reference device CuPc was vacuum deposited with a film thickness of
30 nm. Al electrodes with a film thickness of approximately 100 nm were deposited in-
situ through a shadow mask defining the active area to 0.16 cm”. J-¥ measurements under
light and dark conditions and EQFE as well as thin film analysis involving UV/vis and
AFM were carried out as described in detail in Chapter 2. Operational stability
measurements for extended testing times of one hour of constant light exposure were
carried out at 100 mW cm™ for devices based on both TSCuPc and PTEBS.

TSCuPc and PTEBS films were also taken through the fabrication steps used for
nanosphere templating in Chapter 5. The treatment of the planar thin films involves heat
and moisture exposure for three days at 60 °C in an incubator followed by solvent
treatment (THF) including either immersion or vapour exposure for 10 minutes and 20

minutes respectively.
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4.3 Results

4.3.1 TSCuPc thin film based OPV devices

4.3.1.1 UV/vis absorption
Figure 4.1 shows normalised UV/vis absorption spectra of TSCuPc in neutral

and basic solution as well as a thin film. Both solution spectra reveal an absorption band
ranging from about 550 nm to 700 nm with a dominant maximum at 630 nm and a
shoulder at 662 nm. The absorption spectrum for the spin-coated thin film is broader, and
shows a blue-shifted maximum at 613 nm with an extended and less pronounced
shoulder. Thin films from both solutions showed the same absorption spectra. This
suggests that the peak at lower wavelengths corresponds to molecular aggregates, co-
facially stacked dimers and oligomers, and the shoulder at higher wavelengths to
monomers.?*" 2 The extended tail for TSCuPc films >700 nm is probably attributed to
light scattering due to the rough surface which is reflected in the high background
intensity. The inset in Figure 4.1 shows a CuPc thin film and solution spectrum for

comparison, with a distinct difference in the monomer to aggregate ratio.
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Figure 4.1 UV/vis absorption spectra of TSCuP¢ in pH neutral and basic solutions as well as the spin-
coated thin film (pH 11). Inset: The solution and thin film spectra of CuPc as a comparison to highlight the
different solution phase characteristics.
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The CuPc spectra have a pronounced monomer peak in solution and a mixed
distribution in the thin film dominated by aggregates similar in shape to TSCuPc.*"”! For
TSCuPc the resemblance between the thin film and solution spectra in both shape and
peak ratio is rather unexpected and the absence at higher wavelengths of a clear monomer
peak in solution is very different to that seen for CuPc. The low proportion of monomer
in solution and the pronounced absorption peak for aggregates indicate that TSCuPc does
not entirely dissolve and forms a suspension containing partially dissolved TSCuPc nano-
crystals and clusters.”* 2°) This finding is further supported by the AFM data presented
in the next sections. Further heat treatment, longer dissolution times and sonication did

not change the TSCuPc solution spectrum.

4.3.1.2 Thin film morphology
AFM morphology studies of TSCuPc thin films spun from pH neutral and basic

solution with dye concentrations of 10 mg mL™" and 20 mg mL™ are shown in Figure 4.2.
The images reveal a mesh of long crystal-like features with no preferred orientation with
complete coverage of the ITO substrate. With increasing TSCuPc concentration the
crystal shape becomes more pronounced and the crystal feature length increases due to
coalescence of several smaller crystal segments to one crystal unit indicating crystal
ripening upon deposition. For both 10 mg mL" solutions, at pH 7 and pH 11, the
morphology is very similar with crystal features up to 500 nm long and about 50 nm wide
forming a dense network (Figure 4.2a and 4.2b). The surface roughness parameter Rg of
2.4 - 2.5 nm indicates that the films are both smoother and very different in appearance
than bare ITO, which has an Rg of 4.4 nm. The height cross-sections confirm the round
and smooth crystal shapes embedded in the films. For films made from 20 mg mL
TSCuPc, larger crystals of up to 1 pm in length and 100 nm in width are observed with a
difference in roughness and crystal appearance for the two different solutions used, pH 7
and pH 11 (Figure 4.2¢ and 4.2d). Processed from basic solution, Rg remains at 2.5 nm,
but increases for pH 7 to 3.4 nm with even larger and better defined crystals based on a
slightly lower solubility. Despite the presence of such pronounced crystals Rgq is still low
which can be explained by the deposition and infiltration of vacancies with well

dissolved material. The large crystals found on the TSCuPc film surface are assumed to
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be formed during the spin-coating and/or drying process from much smaller assembled

crystals (<200 nm) which are present in solution after the filtration step.
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Figure 4.2 AFM images of spin-coated TSCuPc thin films on ITO, processed from water with
concentrations of 10 mg mL™" a) pH 11 (NH3), b) pH 7 and 20 mg mL™' ¢) pH 11 (NH;), d) pH 7 with the
corresponding height profiles shown below each image to highlight changes in crystal size and
morphology.
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4.3.1.3 J-V device characteristics
TSCuPc single layers were incorporated in complete OPV devices with a planar

TSCuPc (d nm)/Cg heterojunction structure, as shown schematically in Figure 4.3b. The
devices fabricated varied in TSCuPc film thickness d and solvent pH: device (A) (8 nm, 5
mg mL™), (B1) (13 nm, 10 mg mL™), (C) (18 nm, 15 mg mL™) and (D) (30 nm, 20 mg
mL™") from basic solution and device (E) (13 nm, 10 mg mL™") and (F) (30 nm, 20 mg
mL™) from pH neutral solution. As the spin speed was set to 2000 rpm for all devices the
film thickness was varied by changes in concentration. As a reference, device (N) was
based on just ITO/ Ceo (40 nm)/ BCP/ Al without a TSCuPc layer. Figure 4.3a shows the
J-V curves of devices (A) to (D) and (N) under 1 sun illumination and the inset under

dark conditions.
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Figure 4.3 a) J-V curves under 1 sun illumination for devices (A) to (D) fabricated with varying TSCuPc
concentration and film thickness and device (N) based on just Cgo. The inset shows the J-V curves under
dark conditions. b) Schematic OPV device architecture and c) electronic energy level diagram. The dotted
lines in ¢) show the range of the values reported in the literature.

The Voc increases significantly from the thinnest device (A) with 0.29 V to (B1)
with 0.52 V and levels off towards (D) with 0.59 V, the thickest TSCuPc layer (d = 30
nm). The Jsc and the FF show the opposite trend. Jsc and FF start at 1.56 mA ¢cm™ and
0.50 for device (A) and decrease steadily with increased TSCuPc film thickness to 1.32
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mA cm™ and 0.28 respectively for device (D). The PCE starts at 0.23 % for device (A),

reaches a maximum of 0.32 % for device (B1), 0.30 % for device (C) and then decreases

to 0.23 % for device (D). These trends are shown in Figure 4.4a and the complete set of

values is summarized in Table 4.1. Devices processed at pH 7 show a similar trend but

demonstrate a generally lower overall performance. Device (E) exhibited a V¢ of 0.44
V, a Jsc of 1.48 mA cm'z, a FF of 0.42 and a PCE of 0.28 %. Device (F) produced a Voc
of 0.44 V,aJscof 1.19 mAcm'z, a FF of 0.27 and a PCE of 0.14 %. The reference device
(N) based on just Cep gave a Voc of only 0.04 V, a Jsc 0of 0.91 mA cm'z, a FF of 0.30 and
a PCE of 0.01 %.
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Figure 4.4 a) Summary of performance parameters for devices (A) to (D) and reference (N), including Jsc,
Voc, FF and PCE, with varying TSCuPc concentration (pH 11) and film thickness d. The reproducibility of
the experiments is reflected in the error bars. b) Comparison of the EQE of device (B1) with the UV/vis
absorption spectra of the appropriate TSCuPc/Cg bilayer and just TSCuPc thin films.
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Table 4.1 Summary of device characteristics for OPVs based on an ITO/ TSCuPc (d nm)/ Cg (40 nm)/
BCP (7 nm)/ Al structure with varying TSCuPc thickness d. Devices (A) to (D) were fabricated at pH 11;
devices (E) and (F) were fabricated at pH 7. Reference devices (N) and (O) are based on an ITO/ Cg (40
nm)/ BCP (7 nm)/ Al structure without TSCuPc and an ITO/ CuPc (30 nm)/ Cgo (40 nm)/ BCP (7 nm)/ Al
respectively.

Device TSCuPc Thickness [nm] Vo [V] Jsc [mA cm™?] FF PCE [%]

A) 8 (pH 11) 0.29 1.56 050 023
B1) 13 0.52 1.47 041 032
(©) 18 0.56 1.4 037 030
(D) 30 0.59 1.32 028 023
(E) 13 (pH 7) 0.44 148 042 028
(F) 30 0.44 1.19 027 0.4
N) 0.04 0.91 030 0.0l
() 0.48 3.57 0.55  1.00

The best Voc obtained for the TSCuPc/Ce devices is 0.11 V to 0.13 V higher than
typically achieved for standard CuPc/Cey devices with 0.46 V reported in the literature
and 0.48 V achieved by the CuPc reference device (0).*'" The gain in Vo can be
explained by the increased ionisation potential of the donor material caused by the
presence of the electron withdrawing sulfonic acid groups. The HOMO of TSCuPc lies at
-5.3 eV, which is 0.2 eV deeper than the HOMO of CuPc (-5.1 V) (Figure 4.3¢).5¥

For very thin TSCuPc layers the substrate coverage is probably not uniform due to
the crystalline network, and Cg can contact through to the ITO forming a by-pass which
causes a loss in voltage due to the lack of an energetically suitable organic
heterojunction. The extreme case of V¢ loss is demonstrated in device (N) based on just
Ceo without a D/A heterojunction interface. The Jsc decreases slightly with thicker
TSCuPc layers from 1.56 mA cm™ for device (A) to 1.32 mA cm™ for device (B1). In
general, the film thicknesses of the photoactive layers are a compromise between

absorption and the limited L of organic semiconductors. For thicker films 7., decreases
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and Ry increases. Although an increase in Jsc with increasing thickness for such thin
layers of only 8 nm is expected based on the higher absorbance, the slightly decreased Js¢
values suggest that a trade-off in the photocurrent generation limit is already reached for
device (A). The Js¢ maximum at 8 nm TSCuPc thickness may correlate with a short
estimated Lp for this material. Although Lp of vapour deposited CuPc is reported to be
between 10 nm and 68 nm, it is almost certainly much lower for TSCuPc because of the
increased interplanar spacing with the bulky substituent groups and different less
homogenous film morphology. This is likely to have a detrimental influence on Lp as
well as charge mobility as a result of the increased separation between the molecular
stacks and leads to a lower Jsc.** 2 '] This is supported by the findings reported by
Terao et al. where Jgc shows a linear correlation with the hole mobility and an estimated
correlation with Lj of the metal phthalocyanines tested. *'® It is clear that in thicker
layers the additional absorbed light does not lead to a higher Jsc and more importantly, a
thicker TSCuPc layer increases the charge collection pathway which is coupled to
increased resistive current losses.

In contrast to CuPc, solution processed TSCuPc films are made of randomly
oriented nanocrystals with a high density of grain boundaries, as seen in the UV/vis and
AFM studies reported earlier, which can act as exciton quenching sites. Originating from
the solution process from water in air the thin films also contain more impurities, residues
and counter ions which act as additional exciton quenchers and trap sites, influencing
both the bulk and interface properties. Possible residues in the donor film are traces of
oxygen and trapped water.

Surprisingly, the EQF measurements of device (B1), shown in Figure 4.4b, reveal
a clear dominance of Cg as the main contributor to the photocurrent with an EQFE of
above 15 % and almost no contribution from TSCuPc, as can be seen by comparison to
the absorption spectrum. This finding is further confirmed by the relatively high Jsc of
0.91 mA cm™ obtained for the device based only on Cgy (N), providing about two thirds
of the photocurrent without any D/A interface present. This leads to the conclusion that
the main role of the TSCuPc layer is to provide a D/A heterojunction, with the relatively
large Vocobtained reflecting the interface gap arising from the energy difference between

the donor HOMO and acceptor LUMO. Furthermore, this interface enables successful
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charge transfer for excitons originating from the Cego. This is also consistent with the
observation that increased layer thicknesses do not result in any further enhancements in
photocurrent.

The main losses for devices fabricated with thicker TSCuPc layers are reflected in
the reduced FF value, which also reflects an increased Rs. This device behaviour can be
seen in the well pronounced kink or so called S-shaped J-V curves under illumination
(Fig. 4.3a) as the film thickness increases from device (A) to (D) indicating a charge
extraction barrier which leads to charge accumulation. Imbalanced charge mobilities are
also discussed as a cause for such a device curve shape. The less mobile charges, holes in
TSCuPc, form a space charge layer in the device which leads to enhanced recombination
and therefore a lower Jgc and FF. [79]

The devices fabricated at pH 7 (E and F) showed a generally poorer performance
when compared to those processed from basic solution, with the lower Js¢ and Vo values
leading to a reduced PCE. As the film thicknesses of these devices are comparable to the
ones spun from the same TSCuPc concentration at pH 11, the change in OPV
performance is probably related to the change in morphology from smaller crystals,
found for basic solution processed films, to larger ones (20 mg mL™) based on the
different dissolution behaviour and film formation. The larger grain size for these devices
with the elongated crystals aligning parallel to the substrate surface results in a rougher
film with partly incomplete substrate coverage leading to a disturbed D/A interface and
therefore a reduced Jsc and Voc.

The PCE of 0.32 % for the optimised device (B1) with 13 nm TSCuPc thickness
and processed from basic solution is much higher than any reported values in the
literature for OPV devices fabricated with this material.®®! This improvement in
performance is related to the processing of the TSCuPc films as well as optimisation of
the heterojunction device architecture. However, the improvement of Vpc through
molecular orbital energy tuning and improvement of solubility by substitution with
functional groups is a trade-off due to compensation by a shorter Lp and limited charge

carrier transport of the material.
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4.3.2 PTEBS thin film based OPV devices

4.3.2.1 UV/vis absorption

The UV/vis absorption spectra of PTEBS in basic solution and as a thin film, as
well as P3HT as a well studied polythiophene comparison are shown in Figure 4.5. In
both spectra the main absorption occurs in the wavelength range 350 nm to 550 nm with
a maximum at 446 nm in solution and at 434 nm for the thin film. The broad peak
appearance is based on a m-m  electronic transition with no distinct features.'¥ The
absorption range for such a conjugated polymer is mainly defined by the size of the
conjugated system, i.e. chain sequences with an uninterrupted m-system. The solution
spectra maximum of PTEBS and P3HT (see inset Figure 4.5) are both around 450 nm and
very similar in shape. However, the solid film absorption maximum of P3HT is red
shifted by about 100 nm, where the solid film spectrum of PTEBS remains at a similar
position to its solution spectrum. The thin film peak of P3HT also consists of three
distinguishable features, with the first two peaks at lower wavelengths originating from
n-m  transitions and the shoulder towards longer wavelengths from inter-chain
interactions.”'”) P3HT forms microcrystalline regions of n-stacked polymer chains in one
direction and lamellae structures of these interlocked side chains in the other direction
giving an increase in charge carrier mobility.*”) Both effects are enhanced with highly
regioregular P3HT. Despite the same polythiophene backbone in PTEBS, neither a red
shift nor such distinct features appear for the thin film. This remarkable difference is due
to the strong influence of the different side chain properties. PTEBS has a charged
functional group in the side chain surrounded by counter-ions, which can lead to a lower
degree of ordered packing of the polymer backbone chains and side chains due to
bulkiness, repulsive charges and packing disruption through counter-ions. The missing
absorption shoulder at longer wavelengths might be explained by a lack of polymer
crystal domains indicating the existence of mainly isolated poorly interacting single
polymer chains. Furthermore, the bulky side chains can lead to a twisted polymer

backbone and therefore shorter conjugated sequences of different lengths.**"
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Figure 4.5 UV/vis absorption spectra of PTEBS in basic solution and as a spin-coated thin film. The inset
shows the absorption spectra of P3HT in solution from dichlorobenzene (DCB) and a spin-coated thin film
as a comparison.

4.3.2.2 Thin film morphology
Figure 4.6 shows AFM images of PTEBS thin films spun from different

concentrations including the cross-sectional height profiles. The film morphology and
roughness change drastically with increasing concentration from a rough surface and
defined features for bare ITO to a much smoother film surface for a film spun from a 10
mg mL™" solution. The Rg decreases from 4.4 nm for bare ITO to 3.9 nm for a film from
2.5 mg mL™, still showing the sharp features of the underlying ITO substrate, which hints
towards incomplete surface coverage. For films prepared from 5 mg mL™" and 10mg mL"
Rq steeply declines to 2.4-2.6 nm. The films show a smooth morphology with very little
or no exposure of the underlying ITO features and uniform surface coverage.

During film formation the solution penetrates the featured substrate structure and
fills vacancies before complete layers are formed. For high concentrations such as 10 mg
mL"', material accumulation with thicker films appears as island formation in some areas
of the surface, where other neighbouring areas seem to consist of thinner layers. This
effect could be due to a washing and material transfer process during spin-coating. The
film thickness for a 5 mg mL™" film was found to be approximately 5 nm, 20 nm for 10

mg mL" and 28 nm for 15 mg mL". Film thicknesses for thinner layers could not be

102



Chapter 4: Planar heterojunction devices

determined because of incomplete surface coverage and the limitation of the

measurement.

Figure 4.6 AFM images of spin coated PTEBS thin films on ITO substrates, processed from basic solution
with different concentrations: a) bare ITO, b) 2.5 mg mL™, ¢) 5 mg mL" and d) 10 mg mL" with the
corresponding height profiles shown below each image to highlight changes in surface roughness.
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4.3.2.3 J-V device characteristics

Solution processed planar PTEBS donor layers of different concentrations ¢
varying from 1 mg mL™ to 15 mg mL™ were used to fabricate complete OPV devices
based on an ITO/ PTEBS (¢ mg mL™")/ Ce (40 nm)/ BCP (7 nm)/ Al device structure
(Figure 4.7b): device (G) (1 mg mL™), (H) (2.5 mg mL™), (I1) (5 nm, 5 mg mL™), (J)
(7.5 mg mL™), (K) (20 nm, 10 mg mL™), (L) (12.5 mg mL™") and (M) (28 nm, 15 mg
mL™). Figure 4.7a shows the J-V curves of devices (G) to (M) as well as the reference
(N) under 1 sun illumination and under dark conditions (inset). The complete data set for

all devices (G) to (M) can be found in Table 4.2.
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Figure 4.7 a) J-V curves under 1 sun illumination for devices (G) to (M) fabricated with varying PTEBS
concentrations and reference device (N) based on just Cg. The inset shows the J-V curves under dark
conditions. b) Schematic OPV device architecture and c) electronic energy level diagram. The dotted lines
in ¢) show the range of the values reported in the literature.

104



Chapter 4: Planar heterojunction devices

Table 4.2 Summary of device characteristics for OPVs based on an ITO/ PTEBS (¢ mg mL™)/ Cg (40 nm)/
BCP (7 nm)/ Al structure with varying PTEBS concentration ¢ for devices (G) to (M). Reference device
(N) is based on an ITO/ C4y (40 nm)/ BCP (7 nm)/ Al structure without PTEBS.

Device  PTEBS [mg mL"'] Voc[V]  Jsc [mA cm™] FF PCE [%]
(G) 1 0.28 3.26 0.60 0.56
(H) 25 0.28 3.15 0.60 0.53
(1) 5 0.52 3.12 0.50 0.81
) 7.5 0.56 3.11 0.35 0.57
(K) 10 0.58 2.54 0.19 0.28
(L) 12.5 0.57 1.80 0.14 0.14
(M) 15 0.41 0.84 0.16 0.06
(N) 0.04 0.91 0.30 0.01

For Jsc a trend was found showing a clear decrease with increasing PTEBS
concentration. The trend starts with a shallow slope from 3.26 mA cm™ for device (G) to
3.11 mA cm™ for device (J) followed by a steep decrease for higher concentrations down
to 0.84 mA cm™ for device (M). The Vo follows the opposite trend starting low with
0.28 V for devices (G) and (H). Device (I1) shows a steep increase to 0.52 V with a slight
improvement to 0.56 V for devices (J) and (K) and 0.57 V for device (L). Device (M)
from the highest concentration marks a decline in Vpc to 0.41 V. Similar to Jsc, the FF
starts at high values of 0.60 for devices (G) and (H). It then deceases to 0.50 for device
(I1) followed by a steep decline to below 0.20 for devices (K) to (M). This results in an
overall PCE trend from 0.56 % and 0.53 % for devices (G) and (H) to a performance
maximum of 0.81 % for device (I1) with the highest PCE measured for this device being
0.90 %. This is almost double the efficiency of any other previously reported values.*'*

2211 For thicker devices the PCE decreases from 0.57 % for device (J) to 0.06 % for
device (M). All trends are shown in Figure 4.8a.
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Figure 4.8 a) Summary of performance parameters for devices (G) to (N), including Js¢, Voc, FF and PCE,
with varying PTEBS concentration c¢. The reproducibility of the experiments is reflected in the error bars.
b) Performance plot of device (I1) with varying Cs, thickness from 5 nm to 40 nm showing the Jsc, Vo and
PCE values.

For low PTEBS concentrations of 1 mg mL™ in device (G) and 2.5 mg mL™ in
device (H), the substrate coverage was found to be non-uniform and areas seemed to be
very thinly or insufficiently covered, which was confirmed by AFM. However, the Voc is
reduced since parts of the cell are only based on a single layer of Cgp which does not
provide a defined D/A interface. The overall Vo therefore originates from a combination
of a Cgp homojunction, as found in reference device (N) and a PTEBS/Cg heterojunction.
For thicker layers with complete surface coverage the Vo saturates around 0.56 V, which
is consistent with reported results of Vo between 0.58 V and 0.65 V. (214221 The Voc
found is reasonable based on the HOMO/LUMO energy values reported in the literature
for PTEBS and Ceo, as can be seen in the energy level diagram in Figure 4.7¢.1%% 2% 222
However, it is difficult to make a firm prediction of an exact value due to uncertainty in
the energy level values measured by different groups.

Although an increase in Jsc with thicker donor layers up to a compromise
thickness is expected, the trend found for PTEBS showed the highest Js¢ for the thinnest
PTEBS layers up to 5 nm with a clear decrease towards 28 nm. Therefore, a compromise
between light absorption and Lp is found for devices (G) to (J). This behaviour leads to
the hypothesis that L, of solution processed PTEBS is in the range of less than 10 nm
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which would be in good agreement with the exciton diffusion length of <10 nm reported
for solution processable P3HT.

The main photocurrent contributor for this PTEBS/Cey heterojunction device is
Cso which was confirmed in an additional experiment varying the Cgo thickness in a
device (Figure 4.8b) as well as by EQE measurements (Figure 4.9). In this set of devices
the layer thickness of Cgp was varied from 5 nm to 40 nm on a 5 nm PTEBS layer as used
in device (I1). Jsc increases linearly with thicker Cg layers without compromising either
Voc or FF, which is reflected in the close match of the trend by PCE. The same can be
seen in the EQE spectra of devices (I1) and (K) (see Figure 4.9). Although the
absorbance increases with a thicker PTEBS layer the EQF is reduced from around 22 %
at 434 nm by about 5 % to an EQE of 17 % which shows that the additional PTEBS in
the thicker layer has no overall beneficial contributing effect on the current. In both EQF
spectra the Cgo can be identified as the main photocurrent contributor from the

comparison of the PTEBS and PTEBS/Cg absorption spectra to the EQE spectra.
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Figure 4.9 Comparison of the EQF spectra of devices (I1) and (K) with the UV/vis absorption spectra of
the appropriate PTEBS/Cg bilayer and PTEBS single layer thin films.

Nevertheless, the PTEBS proves to be vital in establishing an efficient
heterojunction when compared to the Cg reference device (N). With thicker layers, Rs

increases leading to a lower FF and significant performance loss. This behaviour of
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increased Ry is clearly reflected in the S-shape of the J-V curve for large thicknesses in
device (K) to (M) (Figure 4.7a). This increase in resistance could be due to the packing
nature of this water-soluble polymer in which the side chains are equipped with a charged
functional group, but also counter ions may remain in the film. Hole selective charge
transport occurs mainly through the polythiophene backbone which is well known for
P3HT. The transport along a chain could be reduced through a more twisted polymer
backbone and therefore shorter conjugated sequences. Additionally, chain-to-chain
charge transfer is hindered through the ionic functional groups of the side chains as well
as their counter ions, which interrupt the vital chain interlink for higher order packing as
known for P3HT.”* The same phenomenon affects Lj for this material. Similar to
TSCuPc the S-shape of the J-V curves could also originate in imbalanced charge
mobilities with less mobile holes in PTEBS forming a space charge in the device and

causing the lower Js¢ and FF 179

4.3.3 Device stability

Operational stability measurements under continuous light exposure for 1 hour at
100 mW cm™ were carried out for a TSCuPc based device (B1) and a PTEBS based
device (I1). The change in the key J-V parameters with time is shown in Figure 4.10.

Device (B1) shows an overall decrease in performance with a significant drop in
Voc of 24 % and a drop of PCE by 36 % within the first 10 minutes. The decreasing trend
slows down towards 60 minutes with a total decrease in FF by 17 %, Jsc by 26 % and
Voc by as much as 43 % resulting in a reduction of the PCE by 65 %. Even more
substantial degradation of the PTEBS based device (I1) is seen. The device shows an
overall decrease in performance with a drop in FF by 13 %, in Jscby 14 %, in Vyc by 38
%, and in PCE by a remarkable 54 % in the first 10 min of constant light exposure.
Towards 60 min the degradation trend slows down with a total decrease in FF of 34 %, in
Jscby 43 % and in Ve by as much as 79 % resulting in a dramatic reduction of PCE by
92 %. In both cases the drop in PCE is very large with V¢ being the main cause for the

reduction, which hints towards unstable interfaces.
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Figure 4.10 Plots of key device characteristics as a function of time during continuous light exposure for 1
hour at 100 mW c¢m™ for devices a) (B1) based on TSCuPc and b) (I1) based on PTEBS.

A possible explanation for such a significant degradation could be trapped water
and bound oxygen remaining within the donor film upon water based solution processing.
During light exposure Cgo, as well as the donor can undergo degrading photo-catalysed
oxidation or photo-bleaching, including the donor/Cey and electrode interfaces. The
process continues further into the layer with extended exposure time. It is also known that
oxygen can diffuse from ITO into the active layer where it leads to oxidation of the
photoactive components.'******! The oxidation process can be accelerated by illumination
and ultimately leads to a reduced photocurrent, and charge transport reduction resulting
in a lower FF and Voc.?** The degradation effect was irreversible in the dark for both
materials. To improve the stability of PTEBS and TSCuPc based devices hole extracting
metal oxides such as MoOy and WOy could be inserted between ITO and the donor layer
to prevent direct electrode contact and oxygen diffusion into the active layer from the
bottom electrode.'** '**) However, the stability of the devices is still limited by the

oxygen and water initially retained within the donor layers from the fabrication process.

4.3.4 Film surface treatment

PTEBS and TSCuPc are employed as donor materials in D-A 3D nanostructured

composite devices (Chapter 5). In order to understand the impact of the fabrication steps
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used for nanosphere templating on J-V behaviour, OPV device performance was
investigated after different donor film treatments related to the process. This includes
heat treatment as performed in the co-deposition process of donor material and PS
followed by solvent exposure to THF which occurs during PS template removal.

Table 4.3 summarises the device performance of the untreated reference device
(B1), device (B2) after heat and THF vapour treatment and device (B3) after heat and
THF immersion treatment. For device (B2) the FF and Jsc improved by more than 10 %
and Voc decreased by about 24 % leading to no significant change in PCE. In THF the
FF and Jsc improved by more than 7 % and 20 % respectively for device (B3). The Voc
decreased by about 59 % reducing the PCE to about half of the original performance. In
all cases the FF and Jsc improved upon solvent treatment due to impurity and process
residue removal. It has to be remarked that TSCuPc was used as purchased without
further purification. Although the materials are fairly insoluble in THF, material removal
upon solvent exposure can occur, leading to slightly thinner and sometimes incomplete
substrate coverage which can result in Js¢ changes and a reduction in Vo as discussed in
the earlier device section 4.3.1.3. Overall, vapour treatment seems to be the more gentle
and beneficial surface treatment with immersion in solvent leading to greater film

disruption.

Table 4.3 Summary of device characteristics for OPVs based on device (B1) with different heat and
solvent treatments of the TSCuPc thin film prior to Cgy deposition and device structure completion. The
percentages in brackets state the change in performance compared to the untreated reference (B1).

Device  Treatment Voc [V] Jsc [mA cm™®]  FF PCE [%)]

(B1) Untreated 0.52 1.47 0.41 0.32

(B2) Heat, THF vapour, 20 min 0.40 (-24 %) 1.67 (+14 %) 048 (+16 %)  0.31 (-3 %)

(B3) Heat, THF solution, 10 min ~ 0.22 (-59 %) 1.57 (+7 %) 0.49 (+20 %)  0.16 (-49 %)

The same experiment was carried out for PTEBS and the results are summarised

in Table 4.4 including the untreated reference device (I1), device (I2) after heat and THF
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vapour treatment and device (I3) after heat and THF immersion treatment. Device (12)
shows only a slight reduction in Voc by 6 % and almost no change in FF. The Jsc
decreased by 27 % and the PCE by 34 %. The same trend was found for device (I3) in
THF solution with a slight decrease in FF by 7 %, in Jsc by 18 % and in Voc by 7 %
respectively. In all cases the Voc and FF remained fairly stable. Js¢ was reduced in all
cases. The very thin PTEBS layer (~5 nm) can easily be transformed upon solvent

treatment with material removal being the most likely explanation.

Table 4.4 Summary of device characteristics for OPVs based on device (I1) with different heat and solvent
treatments of the PTEBS thin film prior to C4y deposition and device structure completion. The percentages
in brackets state the change in performance compared to the untreated reference (I1).

Device  Treatment Voc [V] Jsc [mA cm’z] FF PCE [%]
In) Untreated 0.52 3.12 0.50 0.81

(12) Heat, THF vapour, 20 min ~ 0.49 (-6 %)  2.27 (-27 %) 049 (-1%)  0.54 (-34 %)
13) Heat, THF solution, 10 min  0.48 (-7 %)  2.56 (-18 %) 047 (-7%)  0.57 (-29 %)

4.4 Conclusion

The characteristics of water-soluble TSCuPc and PTEBS in solution, thin film and
when incorporated as the donor layer in planar heterojunction OPV devices have been
demonstrated.

TSCuPc solution consists of dissolved monomer and partially suspended
nanocrystals resulting in dense and defined crystal networks on the substrate surface after
spin-coating. For optimised devices a maximum PCE of 0.32 % was obtained. This PCE
is to our knowledge the highest demonstrated for OPV cells based on water-soluble
molecular semiconductors. The TSCuPc devices also showed an improved Voc of up to
0.59 V, a 0.13 V improvement over standard CuPc/Cgy devices. Despite this Voc, EQE
measurements revealed a very low contribution to the photocurrent from the TSCuPc

layer with the Cgo acceptor being the main contributor. TSCuPc only serves as a
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favourable interface for efficient exciton dissociation from the photoactive Cg layer in
the device. Devices fabricated with thicker TSCuPc layers suffer from several problems,
including an increased Rg and imbalanced charge mobility causing S-shaped J-V curves
under illumination, a short estimated L, compared to CuPc, and grainy film morphology.
The Jsc reduction with increasing film thickness over a range from 8 nm to 30 nm does
not follow a steep decline as expected if the device was purely exciton diffusion length
limited. The increase in Rg with thicker TSCuPc layers and the assumed imbalanced
charge mobility induces a carrier extraction barrier due to poor hole conductivity.
TSCuPc has almost no contribution to the photocurrent. Therefore, an increase in film
thickness only inhibits carrier extraction and ultimately reduces FF and Jsc. The higher
Voc was achieved with the larger TSCuPc HOMO-LUMO band gap compared to CuPc.
The advantages of higher Voc and solubility in water through substitution by sulfonic
acid functional groups are compromised by a lower charge mobility, shorter L and a
lower FF. Devices from basic solution showed a generally higher performance than
devices from pH neutral solution, which followed the same film thickness/performance
trend.

Water-soluble PTEBS has a UV/vis absorption maximum in the lower wavelength
part of the solar spectrum at around 434 nm with almost no change in solution and thin
film spectra hinting towards a lack of vital inter-chain interlocking. The polymer forms
smooth films on the substrate surface and adapts well to the underlying structure. For low
concentrations of up to 2.5 mg mL™"' the substrate surface coverage is incomplete leading
to a reduced Voc. Optimised devices with film thicknesses of about 5 nm achieved a PCE
of up to 0.90 %, which is to our knowledge almost double the PCE of any previously
reported devices based on this material and the highest reached for water-soluble
polymeric semiconductors. Similar to TSCuPc, Jg¢ is mainly dominated by the Cqg
contribution which was confirmed by J-V experiments with varying Ce thickness and
EQE. Thicker PTEBS layers are greatly compromised in performance by the Lp which is
assumed to be shorter than 10 nm. Additionally, with thicker PTEBS films the increased
Rs and the charge mobility imbalance with a low hole mobility in PTEBS lead to a

reduction in FF and cause the pronounced S-shaped J-V curves. Both phenomena are
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believed to be due to polymer disorder, which originate from the water-soluble charged
functional groups on the polymer side chains.

Operational stability measurements showed a rather fast degradation process
under illumination for both materials with remaining water and oxygen in the donor film
layer from the fabrication process being the most likely cause. Film surface treatment
following the templating process in Chapter 5 showed a reduction in performance for
various reasons concerning the interface and thin film characteristics.

The main advantage of the organic semiconductors TSCuPc and PTEBS are the
processability from aqueous solution, which demonstrates an important step towards
greener, sustainable device fabrication. Furthermore, these materials offer a broad range
of applications in organic electronics, including composite structures for electrode

modification, templated porous structures and OPV devices.
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Chapter 5: 3D interdigitated organic D-A

composite structures and OPV devices

Vertical co-deposition of <100 nm PS nanosphere templates with water-soluble
small molecule (TSCuPc) or polymeric semiconductors (PTEBS), followed by selective
solvent vapour assisted sphere removal, is shown to be a good method for generating
porous large area organic semiconductor thin films with sub-100 nm open-cellular
networks. The open-cellular thin films were then used to fabricate complete organic D-A

composite OPV devices which were characterised and compared to planar OPV devices.

5.1 Introduction

5.1.1 Background

In order to tackle the device performance limiting problem of the short Lp in
organic semiconductors from an interface design point of view, a more controlled highly
interpenetrating 3D D-A composite structure is required. Such an interdigitated structure
allows to maximise the advantages from BHJ structures combined with continuous
charge transport paths.

A promising approach is the development of 3DOM thin films of appropriate
organic semiconductors which form the desired controlled matrix. Such a matrix is then
employed to fabricate ordered highly interpenetrating D-A composite systems and
subsequently OPV devices by using nanosphere templating.

3D nanosphere templating involves numerous steps and processes to obtain the
highly interpenetrating D-A composite structure: 1) convective self-assembly of PS
colloids to form the template structure; 2) infiltration of the nanosphere domains with
appropriate donor material, which can be combined with step 1) by direct co-deposition;

3) colloid removal step; 4) second infiltration of the inverse structure with acceptor
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material; and 5) implementation of the composite structures into complete OPV devices.
All fabrication steps mentioned in this chapter follow the strategy and concepts described

in section 1.4.1.

5.1.2 Colloidal crystals and templating

Self-assembly of colloidal spheres to highly ordered 2D and 3D thin film arrays,
so called colloidal crystals, has been of great interest for a long time in materials and
colloidal science due to numerous applications in photonics, lithography and
templating.!'’* Highly ordered colloidal crystals, also known as opal structures, have a
unique optical property called opalescence, which is based on the Bragg-Snell
relationship leading to light diffraction by the two-phase crystal (high and low refractive
index), which influences the propagation of light. This leads to light diffraction
behaviour, with direct proportionality to the diffracted wavelength and lattice
constant.**??*] This diffraction behaviour is used for photonic bandgap (PBG) materials
and was first introduced in 1987 by Yablonovitch and John respectively.”* 2 The same
phenomenon is responsible for the colourful appearance of the natural gemstone opal.
Artificial opal structures of high quality are usually grown by nanosphere self-assembly
from titania, silicon or polymer nanospheres and can even be deposited onto flexible
substrates.[#2% 231 232

Moreover, the use of colloidal particles or emulsion droplets as templates to
fabricate open-cellular or macroporous, often periodically structured materials, has
proven to be widely applicable in areas as diverse as catalyst supports, insulating
structures, absorbents, batteries, sensors as well as photonic and electronic devices.[?*23

2D arrays of self-assembled monolayers found great application in NSL acting as
a mask for vapour deposited materials and semiconductors to nanostructure photoactive
materials and electrodes.”>*® #*" 3D lattices have attracted a lot of attention as a template
to form macroporous inverse opal structures of air spheres, with similar optical properties
to an ordinary opal.*® %) For metals, metal oxides, and inorganic semiconductors

inverse opal structures were grown successfully due to the ease of complete template

removal via calcination or solvent treatment.****** Especially for TMOs such as TiOy
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and ZnO grown from sol-gel processes or via electrodeposition, the fabrication process
proves to be a promising templating technique to generate 3DOM structures and thin
films which can find great application in composite organic-inorganic hybrid OPV and
DSSC devices.** **I Due to the high sensitivity of most organic materials to heat and
solvents, complete selective template removal is very challenging and explains why the
nanosphere templating method is not well established for this specific material class.
Only recently, nanosphere templating was applied for organic materials such as
polymeric and small molecule organic semiconductors, which is discussed later in more
detail in the specific section 5.1.4.1'%

Inverse opals expose a huge surface area combined with an interconnected, well
ordered, porous network not just suitable for DSSCs and novel composite structures for

OPVs but also for catalysis and sensors.**> %!

5.1.3 Nanosphere self-assembly

Nanosphere self-assembly to large 3D ordered arrays from dispersion is a self-
organisation process driven or influenced by local interaction including Brownian
motion, Van der Waals forces, electrostatic forces and capillary forces.*” *** There is a
range of different established techniques to grow ordered domains or colloidal crystals
from latex including Langmuir-Blodgett deposition, spin-coating, doctor blading,
sedimentation and centrifugation, filtering as well as vertical self-assembly.!!8% 233- 249 250]
In this work vertical self-assembly was chosen for nanosphere self-assembly due to the
ease of film fabrication, relatively good control over layer thickness, scalability and
suitability for substrates and materials employed in solar devices. Although highly

ordered large crystal domains can be achieved, defect-free large area coverage is very

challenging.

Vertical self-assembly
Vertical self-assembly is a controlled drying technique to grow photonic crystal-
like arrays from nanospheres in dispersion. The substrate is almost vertically immersed in

an aqueous dispersion of PS nanoparticles, wetting the substrate and forming a meniscus
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at the liquid-substrate-air interface (see Figure 5.1). Solvent evaporation at the meniscus
causes a convective flow of new dispersion towards the shallow part of the meniscus,

where particle self-assembly takes place. Ideally, the particles form close-packed arrays,

[251-253

followed by the drying process. I Different key parameters control the self assembly

process including temperature, relative humidity, particle diameter and particle volume

[

fraction."™" 1 24 It is a very slow fabrication method, because it is based on controlled

drying, which can take up to a few days.

Vial Liquid-substrate-air interface

Evaporation

1]

Meniscus

Substrate

o O
o O

O 00
Convective
flow

Colloidal

i

Figure 5.1 a) Schematic and b) photograph of convective self-assembly of PS colloids. Solvent evaporation
above the meniscus drives a convective flow towards the shallow part at the interface where colloidal self-
assembly takes place followed by the drying process.

Capillary forces are long-range forces which typically occur at triple interfaces,
between liquid, gas and the sphere or more generally a capillary wall. Figure 5.2 shows
the different types of self-assembly with the acting immersion capillary forces (Fj.)
between just two particles and a liquid film bridge (Figure 5.2a) and for horizontal film
formation on a substrate (Figure 5.2b).*" In a film formation process, such as
convective self-assembly, strong hydrodynamic forces (Fjs) from solvent evaporation
through the preformed lattice pull particles to the shallow end of the meniscus. Fj, act
additionally to the present F;. (Figure 5.2c). The generated hydrodynamic flux delivers
dispersion towards the growth site to compensate evaporation losses. The monolayer and

double layer of ordered spheres can be seen in Figure 5.2d. Typically, a face-centred
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cubic close-packing is adopted, which is limited to a maximum of 74 % solid volume
content under ideal sphere packing. 26 % of the film volume is formed by interconnected

voids.*** These volume fractions also apply for inverse and composite structures.

a) b) ¢) Hydrodynamic flux
Capillary bridge

d) Monolayer

Figure 5.2 Particle self-assembly in solution is driven by capillary forces in a) a free film, b) a horizontal
assembly and c) a convective self-assembly. d) Schematic of a monolayer (2D lattice) and a double layer
(3D lattice) of close-packed nanospheres highlighting the voids created in between the spheres.

Co-deposition

In order to generate two-phase composite structures of spheres and a void filling
compatible material, the voids can either be filled in a second infiltration step or can be
directly fabricated by co-deposition of the two materials. Very little is reported about
such a nanosphere co-deposition process.

Imhof and Pine reported the fabrication of emulsion droplet templated
macroporous metal oxide materials through a sol-gel process.'*”! Similarly, Jonas et al.
reported the fabrication of binary colloidal crystal arrays in which the interstitial spaces
between the large colloidal crystal were filled with smaller particles.***! The fabrication
of crack-free colloidal crystals using a modified vertical deposition of silica spheres and a

silica precursor was also reported by Wang et al.[**"!
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In the case of organic open-cellular structures for composite OPV devices a
water-soluble organic semiconductor, i.e. PTEBS or TSCuPc, is required to be co-
deposited with PS nanospheres from aqueous dispersion.

To date nothing has been reported in the literature on co-deposition of two
organic materials and an organic semiconductor/PS composite in particular which gives
this new approach its novelty.

Co-deposition offers a path to simplifying the process of two component film
fabrication thereby increasing the viability of the sphere templating approach for a
number of applications, in particular those involving organic semiconductor materials,

e.g. for sensing and PVs.!?* %]

5.1.4 Organic 3D open-cellular and composite nanostructures

In these applications a large interface area, combined with a high degree of open-
cellular interconnectivity is required, necessitating the use of ‘small’ template particles
having dimensions <100 nm in order to match the Lp of the organic semiconductors
employed. The open-cellular structures are generated by a selective sphere removal
process.

The first organic semiconducting inverse opal structures were fabricated by
Caruso and co-workers using electropolymerisation of pyrrole or thiophene to infiltrate
the voids of PS colloidal crystals to form free-standing 3DOM thin films of polypyrrole
or polythiophene.”*”! By using a similar approach inverse opal thin films of polyaniline
were achieved.[**!

McLachlan et al. first demonstrated the fabrication of 3DOM thin film structures
using the small molecule organic semiconductor, TSCuPc, and colloidal crystals from
vertical deposition with relatively large (250-400 nm diameter) template particles.*** In
this approach the usual two-step process was employed instead of co-deposition.
Selective template removal was achieved by solvent immersion. Based on the same
approach with similar particle sizes, Berhanu et al. later demonstrated a complete D-A
TSCuPc composite structure templated from similarly sized particles. This work included

the additional second infiltration step using the solution processable electron acceptor
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material PCBM to form complete D-A nanocomposite films.*'” In a follow-up study the
fully interconnected phases were analysed in detail and successfully confirmed by
“pseudo tomography” using FIB/SEM, with TSCuPc-PCBM 3D nanocomposite images
reconstructed from the cross-sectional cuts.”*”! The study confirmed a 2-3 times greater
interfacial area to volume ratio compared to planar structures with the higher ratio for
smaller sphere diameters. For particles with a diameter of 461 nm and 224 nm, volume
ratios of 35.5:63.3 and 45.9:50.0 for TSCuPc:PCMB were determined respectively.
These ratios differ from the theoretically expected value of 26:76 for TSCuPc:PCMB due
to sphere shrinkage upon drying as well as film cracks and defects.

Although there have been very few reports of templating with particles of smaller
sizes, this particular technique seems to be promising for particles and therefore pore
diameters down to 100 nm, but will be very challenging for spheres small enough to
match the short L, of most organic semiconductors which can be as low as <10 nm. For
templates smaller than 100 nm, material infiltration is very difficult due to the small
voids, which leads to the development of template/donor material co-deposition to grow a

complete composite layer.

5.1.5 3D nanostructured composite OPV devices

Although BHJ and mixed layer devices show a better overall device performance
compared to planar heterojunction devices due to a higher Jsc, an even greater
improvement in device performance can be expected using engineered nanostructured D-
A composite devices with fully interconnecting phases. There have been many attempts
to fabricate organic/organic and hybrid nanostructures as well as composites to aim for an
increase in D/A interface area and the generation of small, but interconnected D-A
domains.""** **! However, most studies do not present the implementation of such
structures into working OPV devices to produce a proof of concept.

TiOx nanosphere and pore structures from nanosphere templating found great
application in DSSCs, being used as an electrode structure as well as a light scattering
layer.[®! In DSSCs the TiO, porous electrode can be several um thick and therefore does

not require such a precise engineering and fabrication as the composite structures for
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other OPV devices. Opal and inverse opal mesoporous structures offer a large surface
area for dye-sensitisation coupled with good porosity for improved dye infiltration and
efficient electrolyte diffusion as well as modification of absorption behaviour. Hence, a
relative improvement in photocurrent performance compared to simply sintered randomly
ordered TiO, nanoparticle clusters is expected.”*® 2** In the case of ideal inverse opal
crystals with a photonic stop band in the photoactive region of the dye, a reduction in
current was seen. However an implementation of such a structure as a mirror layer
improved the performance due to enhanced back reflection.**¥

Nanostructured hybrid OPV devices with a controlled interdigitated A/D interface
of predominantly TMO/polymer combinations are mainly based on vertically grown
nanorods which show enhanced photocurrent with increased surface area.!'**'** Other
attempts to create porous thin films include block co-polymer templating of TiO where
the photocurrent improvement is attributed to the engineered morphology.l'™* ¢
Nanostructuring of hybrid OPVs, especially of TMO based devices, has a direct effect on
the photocurrent as it allows thicker photoactive composite layers and enhances the
photocurrent due to higher exciton generation from the sole current contributor.
However, the use of template assisted TMO based opal or inverse opal structures for
devices have not been reported.

Controlled nanostructuring of organic semiconductors is more complicated due to
heat, solvent and chemical sensitivity leaving only few options. Snaith et al. fabricated
interdigitated composite devices of hole-transporting polymer brushes of CdSe
nanocrystal sensitised polyacrylate with high EQEs.*® %"V Another strategy for
nanostructuring is mechanical nanoimprinting to fabricate isolated pillar features. A
photocurrent improvement has been demonstrated for nanoimprinted pentacene in
pentacene/Cq devices and P3HT in hybrid P3HT/ZnO devices.”*® **) He er al. used the
same approach for P3HT in polymer/polymer devices reaching a remarkable PCE of 1.9
%.12" Wiedemann et al. used a similar approach of P3HT nanoimprinting to generate an

271 The device was completed by a layer of

80 nm periodicity of 40 nm wide pillars.
PCBM creating a larger interfacial area, which led to a slightly higher Jsc of 0.13 mA
cm™ and a PCE of 0.05 % compared to 0.09 mA cm™ and 0.03 % for a conventional

planar bilayer device.
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Most nanostructuring approaches of D/A interfaces show an improving effect on
the device performance of such complicated interdigitated composite structures. This
results in a proof of concept, but none of the device systems are able to compete close to
state-of-the-art high efficiency OPVs. However, most methods are complex multistep
fabrication processes in different environments which can be a source of film defects,
surface and interface residues as well as material degradation caused by oxygen and
moisture exposure. This makes new strategies very challenging. Quite often the
improvement of device characteristics through nanostructure engineering is greatly
compromised.!**! From a device structure point of view, it has also been discussed that
with increasing interface area in interdigitated composites a competing effect of higher
recombination is expected.””"] This phenomenon is predicted to have a particular impact
when stepping up from pillar and rod based interpenetrating composites to 3D cage-like
structures with partially opposing electrical fields which leads to less efficient charge

. . . . . 272
separation due to enhanced geminate pair recombination.”*’”

516 Aim

By using nanosphere templating, organic D-A composite 3D interpenetrating
nanostructured OPV devices with a large and controlled D/A interface are fabricated for
improved photocurrent generation. The fabrication is a multistep process including
template deposition, donor material infiltration, template removal and acceptor
infiltration as well as completion of the composite OPV device.

Continuous, large area 3D open-cellular thin film structures are produced from
vertical co-deposition of templating PS spheres of sub-100 nm diameter in conjunction
with water-soluble small molecule (i.e. TSCuPc) or polymeric (i.e. PTEBS) organic
semiconductors followed by subsequent solvent based template removal. This involves
the development of the co-deposition process of colloidal dispersion and dissolved donor
material using vertical self-assembly as well as efficient and selective template sphere
removal. After re-infiltration by an appropriate acceptor material the composite structures

are implemented in complete OPV devices and further characterised.
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5.2 Experimental

5.2.1 Open-cellular organic thin films

Synthesis of the 3DOM inverse open-cellular structures from co-deposition is a
two step process: (i) vertical or convective self-assembly of “small” PS spheres in the
presence of the organic semiconductor fillers, to form thin periodic sheets; and (ii)

removal of the PS nanosphere template.

Vertical self-assembly by co-deposition

PS sphere latexes with mean particle diameters of 96 nm, 78 nm and 35 nm were
prepared with polydispersities of 0.010, 0.014 and 0.086 (5.2 %, 5.9 % and 9.9 % relative
standard deviation) synthesised in (R8), (R1) and (RS5) respectively from Chapter 3
(Table 5.1).

Table 5.1 Summary of the different nanosphere characteristics employed in vertical co-deposition from
(R8), (R1) and (R5) (Chapter 3).

Average diam.  Standard deviation  Relative standard Z-average diameter PDI  React.
(dry) [nm] (dry) [nm] deviation (dry) [%]  (DLS) [nm] (Chapt. 3)
96 5.0 5.2 115 0.014  (RS)
78 4.6 5.9 100 0.010 (RI)
35 3.5 9.9 61 0.086  (RYS)

Typically, 0.10-0.30 mL of latex was added to 15 mL of water (pH 11) containing
0.02-0.15 mg mL™" of pre-dissolved water-soluble polymeric semiconductor, PTEBS, or
the molecular semiconductor, TSCuPc. The latex volume fractions were varied between
0.015 % and 0.080 %. In case of the very small particles of 35 nm in diameter latex
volumes of up to 4 ml were added due to the very low initial solid content of nanospheres

(<10” %) from the quenched reaction (R5). Composite films of close-packed, self-
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assembled monodisperse PS spheres infilled with water-soluble organic semiconductors
were fabricated in a single-step process (co-deposition). The growth was adapted to
vertical self-assembly conditions reported by McLachlan ez af.!'** "]

Ordered colloidal composite thin films were grown on either 12 x 75 mm glass
slides (VWR International) or 12 x 36 mm ITO coated glass substrates, which were
immersed in the appropriate colloidal dispersion in glass vials (Figure 5.1). All substrates
were cleaned following the standard method. Glass substrates were used to optimise the
growth parameters prior to ITO substrate use. Typical dispersion volumes were 15 mL in
glass vials with dimensions of 25 mm in diameter and 100 mm in height. After
immersing the substrate in a blend of colloidal dispersion and organic semiconductor, the
structures were grown in a temperature-stable incubator at 60 °C + 0.4°C and a relative
humidity (RH) <20 %. Under these growth conditions an empirical balance between
solvent evaporation and particle sedimentation was found."'® 2°) The temperature was
monitored by either a digital thermometer or a data logger (Dickson, TM325) with
remote probe for RH and temperature measurement. The samples were usually kept in the

incubator for up to 3 days until the drying process was completed.

PS sphere template removal

The PS sphere templates were selectively removed from the composite structure
by direct exposure of the sample to vapour from refluxing tetrahydrofurane (THF) for 20
to 30 minutes. For hot solvent vapour sphere removal a reflux apparatus was set up with a
round-bottom flask as a solvent reservoir, a column and a water-cooled condenser with a
sample holder placed in the vapour stream at the height of optimal solvent condensation.
Penetration of pure solvent vapour into the composite thin film, condensation and
dissolution of the PS spheres followed by gravity-induced draining of the polymer
solution resulted in the formation of well-defined 3DOM organic thin films. This process
is equivalent to continuous washing in high purity warm solvent, although it requires only
a very small amount of solvent and the degree of template removal is simply a function of
exposure time. After successful sphere removal the samples were dried for 10 minutes at
80 °C under inert atmosphere to remove remaining solvents. The resulting 3DOM

structures were analysed by SEM.
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5.2.2 Fabrication of 3D nanostructured composite devices

For 3D interpenetrating nanostructured D-A composite OPV devices pre-
fabricated open-cellular thin films of PTEBS and TSCuPc on ITO from different template
sphere diameters were used. The second infiltration by the acceptor material was
performed from solution with either PCBM or Cg dissolved in 1,2-dichlorobenzene (5 to
20 mg mL™) under inert atmosphere. The acceptor material solutions were prepared and
stirred under N for at least 24 hours and filtered (0.2 um) to prior use. The infiltration of
the 3D open-cellular thin films was performed by different methods. A first method
employed one simple dipping step in a dichlorobenzene solution of Ce (20 mg mL™). A
second method involved drop-casting (20 mg mL™" Cg or 10 mg mL™"' PCBM) with a
penetration time of 2 minutes followed by spin-coating at 700 rpm. The third method was
based on drop-casting of solution (5 mg mL™" PCBM) followed by controlled drying.
After initial solvent evaporation at room temperature for 10 minutes the films were
slowly heated up and dried at 120 °C for 20 minutes. In order to complete the device an
additional Cg buffer layer of 40 nm followed by a BCP layer of 7 nm and a thicker Al
electrode of ca. 200 nm thickness were grown on top of the generated composite
structures by vacuum deposition. Thick Al electrodes are deposited to flatten surface
inhomogeneities to provide sufficient contact coverage. The device top contact area is
0.06 cm®. Film and device analysis included J-V device characterisation as well as SEM
for structure and morphology analysis.

In addition to the devices presented in Chapter 4, planar reference devices with
solution processed acceptor layer were fabricated using optimised PTEBS (5 mg mL™)
layers as a basis for C¢p and PCBM solution deposition. C4 and PCBM solutions (20 mg
mL™") were spin coated onto the pre-deposited PTEBS film at 2000 rpm for 2 minutes
followed by drying at room temperature and elevated temperature of 120 °C for 20
minutes under inert atmosphere. The devices were completed by the vacuum deposition
of 7 nm of BCP and Al. The fabrication of heat and solvent treated reference devices (I1)
and (I2) it is reported in Chapter 4.
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5.3 Results

5.3.1 Open-cellular organic semiconductor thin films

5.3.1.1 3D ordered donor-PS composite structures
Figure 5.3a shows photographs of typical PS-donor composite film samples as

formed by vertical co-deposition. The composites are based on TSCuPc and PTEBS
deposited onto glass and ITO substrates. In the close-up photograph in Figure 5.3b the

three characteristic growth zones (I) to (III) can be seen following the film growth

direction.
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2) ) () (iiir;:?-' ) Start of the growth
- - Zonel
£
=)
E — Zone II
5
} Zone 111

Figure 5.3 a) Photographs of PS-donor composite film samples deposited by vertical co-deposition:
composites based on TSCuPc deposited onto (i) glass and (ii) ITO substrates as well as a composite based
on PTEBS on glass (iii). (iv) The corresponding vial after a successful growth. b) Close-up photograph of a
deposited film highlighting the film growth direction and the three characteristic growth zones (I) to (III).

Zone (I) shows the characteristic band formation perpendicular to the growth
direction which is known as stick-slip. It occurs at low concentrations of the colloidal
suspension and is caused by an imbalance of convective particle transport and surface
tension forces.”’*) The band pattern is a sequence of deposited colloidal arrays of up to a
few layers in thickness followed by a bare substrate section. This leads to incomplete
substrate coverage and is therefore unsuitable for device fabrication. With reduced
suspension volume due to evaporation and increased colloid concentration the distance

between the bands shrinks and eventually leads to homogenous substrate coverage in

126



Chapter 5: 3D interdigitated organic D-A composite structures and OPV devices

zone (II). This film section is more uniform in film thickness and reliable for device
purposes. However, vertical film cracks along the growth direction break the film into
domains. Zone (III) appears at the bottom of the substrate where high particle
concentrations lead to less controlled, uneven and very thick films. In some cases the
adhesion to the substrate is poor and parts of the film peel off in long flakes. Zone (III) is
not suitable for further implementation in OPV devices. The length of the individual
zones depends on the initial concentration leaving at least one 12 mm long section of
zone (II) suitable for a 12 x 12 mm device substrate which was selected and cut after film
deposition. Similar results were obtained for either type of substrate, i.e. glass and ITO,
including growth zones length and sections.

Figure 5.4 shows SEM images of PS-TSCuPc composite films from co-deposition
using 96 nm particles. On a macroscopic scale it can be seen that the composite films
crack along the vertical growth direction with domain widths of up to a few tens of um in
width divided by 1-2 um wide cracks (Fig. 5.4a). The cracks penetrate through the entire
film thickness exposing the underlying substrate (Fig. 5.4b and inset). On a much smaller
scale the domains consist of close-packed self-assembled nanospheres and TSCuPc filled
interstitial voids forming a compact PS-TSCuPc composite structure (Fig. 5.4c). The
sphere packing quality varies with local spots of good dense packing interrupted by
assembly defects, unfilled voids and small cracks (Fig. 5.4d). The image of a cross-
sectional view in Fig. 5.4e shows that such a packing with sufficient TSCuPc infiltration
is also provided close to the substrate. These defects and deviation from ideal dense
packing arise from the modified vertical self-assembly method using co-deposition. The
filling material introduces larger distances between the assembling particle which
weakens the capillary effect as well as Fj, and therefore reduces the packing order.
Moreover, such an effect is enhanced with increasing polydispersity of the templating

particles.
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Figure 5.4 SEM images of TSCuPc-PS composite films from co-deposition of TSCuPc with 96 nm PS
latex particles: (a-c) film domains divided by long parallel cracks cover large substrate areas (inset: close-
up image of a typical film crack dividing two domains), d) and e) high-resolution images from top and
cross-sectional view of close-packed domains showing the grade of infiltration between the spheres as well
as packing and infiltration defects.

Figure 5.5 shows SEM images of PTEBS-PS co-deposited composite structures
using 78 nm nanospheres. On a low magnification scale no film cracks appear for PTEBS
which is a great advantage over the TSCuPc-PS composite films (Fig. 5.5a and b). At a
higher magnification film defects such as short cracks and point defects are distributed
across the film surface in between well ordered dense packed composite domains a few
micrometres in size (Fig. 5.5¢). The cracks are <200 nm in width, only a few layers deep
and short in length (Fig. 5.5a). Despite these local cracks an interconnected network of
domains is preserved without suffering isolation of large domains which ultimately leads
to complications in device fabrication. Figures 5.5d-e show that the penetration and
deposition of PTEBS between the spheres within the top layer is not entirely uniform
leaving larger unfilled or only partially filled gaps. Furthermore, some clusters of spheres

are packed very closely not allowing sufficient PTEBS penetration which hints towards a
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pre-assembling of the cluster before the film formation process. The significantly reduced
crack density with only local film defects is most likely caused by a different strain
release mechanism compared to pure nanosphere colloidal crystals and the TSCuPc-PS
composites.”" It is believed that the induced strain to the film during the drying process
is reduced through co-deposition of the spheres with a donor. The donor reduces the
capillary and hydrodynamic forces of the self-assembly by partially filling the capillary
voids between adjacent particles which widens the capillary and prevents sphere shape
deformation. Moreover, in this particular material combination of two polymers the
elasticity of the polymer-PS composite structure does not allow strain build-up over

larger areas leading to local release at weak defect points.

Figure 5.5 SEM images of PTEBS-PS composite films from co-deposition of PTEBS with 78 nm PS latex
particles: (a-c) films of low defect density cover large substrate areas, d) and e) high-resolution images of
close-packed domains showing grade of infiltration between the spheres as well as packing and infiltration
defects.
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5.3.1.2 3D open-cellular thin films
Figure 5.6 shows SEM images of the 3DOM films templated from close-packed

arrays of 96 nm PS spheres using TSCuPc as the filling donor material. Uniform 3DOM
domains of about 10-20 um in width of the macroporous semiconductor films were
obtained (Fig. 5.6a). The domains are divided by 1-2 um wide cracks which follow the
vertical film growth direction as can be seen in the figure inset. Compared to the clean
cracks in the TSCuPc-PS composite films in Figure 5.4 the cracks after the solvent based
sphere removal process are washed out and show fragment deposition of TSCuPc
between adjacent 3DOM domains. Within the 3DOM domains the images show that an
interconnected open-cellular structure was realised (Fig. 5.6b and c). Typically, in each
cavity there are three pores visible, consistent with a close packed cavity array mirroring
that of the template spheres. It can therefore be inferred that below the film surface each
cavity is connected to all six adjacent cavities via a pore. Apart from major crack defects,
the open-cellular structures show larger TSCuPc domains which can fill several sphere
voids and disrupt the sphere packing (Fig. 5.6b). This suggests that these film defects are
solution born and were not caused by the sphere removal process. The open-cellular
structures show local dense-packing with good order surrounded by packing defects. The
wall thickness of the TSCuPc scaffold varies significantly from as thin as 10 nm to about
50 nm which therefore defines the distance to the adjacent sphere or air sphere

respectively leading to different pore sizes and numbers at the contact points.

Figure 5.6 SEM images of template assisted 3D open-cellular thin films from co-deposition of TSCuPc
with 96 nm PS latex particles: a) film of open-cellular TSCuPc domains divided by long parallel cracks
cover large substrate areas, b) and c) providing a well-defined porous network. The inset in a) shows a
close-up image of such a crack between two film domains.
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In Figure 5.7 SEM images of the 3DOM films templated from close-packed
arrays of 78 nm PS spheres using PTEBS are shown. Uniform crack-free domains of
larger than 100 x 100 pm of the macroporous semiconductor films can be seen (Fig. 5.7a
and b). Figure 5.7c highlights the characteristic point defects of about 200-300 nm in
diameter which are scattered across the film. The holes vary in depth from a surface
defect up to a few layers deep. The defects are caused by clustered nanospheres which do
not allow sufficient PTEBS deposition within the interstitial voids to form a robust
scaffold. Subsequent sphere removal by solvent treatment washes out the entire cluster
leaving behind the hole. Furthermore, it is assumed that the point defects replace large
cracks as the strain release mechanism, dispersing the impact upon film drying and
sphere shrinkage. The images in Figures 5.7d-e show that an interconnected open-cellular

structure with good ordering over areas of a few pm’ was realised for PTEBS.

Figure 5.7 SEM images of template assisted 3D open-cellular thin films from co-deposition of PTEBS
with 78 nm PS latex particles: a) and b) films of PTEBS with low defect density cover large substrate areas,
¢) containing some hole-like film defects (highlighted in the inset), d) and e) providing a well-defined
porous network. f) and g) cross-sectional views of the 3D open-cellular thin films with some film thickness
variations on a larger scale.
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The air spheres are well connected to all six adjacent cavities via a pore. The wall
thickness is <50 nm with average thicknesses between 20 nm and 30 nm. Cross-sectional
images (Fig. 5.7f-g) reveal a porous network of less ordered and pronounced open-
cellular structures than seen from the top view. Nevertheless, template removal proves to
be successful all the way through the film to the substrate surface. The film thickness of
the open-cellular films is consistent over a few micrometres in length but shows
fluctuations on larger scales with typical average thicknesses ranging between about 300
nm to 1 um depending on the section chosen of the zone (II). The variation within a short
section of the film shows how difficult the thickness control of co-deposited films can be.
Keeping the film thickness between 5 to 10 layers of spheres by latex volume fraction
control enables the film fabrication of open-cellular films with sub-100 nm pore sizes
with reasonable thicknesses and good substrate coverage.

In both cases, TSCuPc and PTEBS, the structure is not a perfect inverse opal
since there are irregularities in the cavity shapes and separating wall thicknesses. This
prevents the film structures from PBG effects which could reduce the penetration
intensity of specific wavelengths. These departures from ideality can be attributed to a
combination of the size distribution of the template spheres and relaxation of the organic
semiconductor matrix upon template removal. It is important to note that during co-
deposition the soluble filling material acts as a surfactant, modifying the inter-sphere
interactions and capillary forces which drive PS sphere self-assembly. In some cases the
presence of the filling material may destabilise the latex leading to random clustering and
agglomeration of PS spheres.

The cracks observed for TSCuPc based open-cellular thin films are caused by
drying-induced strain release through film cracking.!"*” 2> *’* Strain build-up within the
film can originate from sphere shrinkage during the drying process.'™ Although the
colloidal crystal structure is reinforced by a TSCuPc scaffold the crystalline composite
seems to be too brittle. In contrast to TSCuPc, the films formed from polymeric PTEBS
do not crack which is most likely due to the co-deposition process coupled with an
increased elasticity of the polymer which leads to local strain release. Local film
weaknesses such as hole defects serve as a strain buffer and stretch to release the tension

without long range impact (inset Fig. 5.7¢). The combination of the co-deposition process
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of nanospheres and a polymeric filling material gives this method the advantage of open-
cellular film fabrication without film cracking.

The co-deposition strategy developed was also applied using PS spheres of 35 nm
diameter to further increase the total surface area of the macroporous cellular structure
upon sphere removal. Figure 5.8 shows examples of 3DOM films using PTEBS (a-c) and
TSCuPc (d-e).

Figure 5.8 SEM images of 3DOM films of (a-c) PTEBS and (d-e) TSCuPc templated with 35 nm spheres
from co-deposition. For very small pore sizes the porous structure is still present but less regular and
defined.

The SEM images show the presence of porous structures. However, they are less
regular and not as well defined as those templated using the larger PS spheres.
Furthermore, in the open-cellular structure there are fewer pores between adjacent
cavities, although sufficient to ensure continuous interconnectivity. Whilst PTEBS films
showed a higher degree of regularity in their porous network than those fabricated from

TSCuPc, both are much more defective than those fabricated using the larger spheres.

133



Chapter 5: 3D interdigitated organic D-A composite structures and OPV devices

This can in part be ascribed to the broader sphere size distribution exceeding the
threshold of 8 % for good colloidal crystal quality (9.9 % for 35 nm spheres; 5.2 % and
5.9 % for 96 nm and 78 nm spheres). However, for sub-100 nm nanospheres, the self-
assembly driving capillary attraction energy decreases to a level comparable to the
thermal energy of the particles, thus counteracting particle ordering.*””! Since the latter
operates to disrupt regular array formation the level of disorder in the films fabricated
using 35 nm diameter spheres is to be expected. The films fabricated provided continuous
interconnectivity through a few layers but were very thin, varied in thickness and did not
provide uniform substrate coverage for device fabrication due to stick-slip. For these
reasons open-cellular thin films from very small spheres <50 nm with naturally higher

polydispersity were not used for further OPV device fabrication.

5.3.2 D-A 3D nanostructured composite OPV devices

5.3.2.1 3D nanostructured composite films and devices
In a further step the 3D open-cellular structures of PTEBS and TSCuPc templated

from particles of 96 nm and 78 nm in diameter were infiltrated with acceptor materials
such as Cgp and PCBM from solution. Although the solubility of Cg in dichlorobenzene
is not as high as for PCBM it was solution-processed in order to have a comparable
component system as used in the planar reference devices in Chapter 4. Different
infiltration techniques were employed to generate complete D-A composite thin films
including simple dipping, solution drop-casting followed by spinning as well as drop-
casting combined with controlled drying at elevated temperature. The infiltration
methods were mainly studied on PTEBS films due to the better open-cellular thin film
quality. For OPV device completion a 40 nm Cg buffer layer followed by BCP and Al
were deposited by vacuum evaporation. D-A composite structures from different
infiltration methods as well as cross-sectional images of complete OPV devices from

PTEBS are shown in Figure 5.9.
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Figure 5.9 Top view SEM images of PTEBS-C4, and PTEBS-PCBM composite films fabricated by
different infiltration methods: a) and b) drop-casting followed by spinning (Cy) and c¢) dipping (Cg). d)
and e) show cross-sections of complete OPV devices with an integrated D-A (PTEBS-PCBM) composite
structure from d) drop-casting followed by spinning and e) drop-casting followed by heat assisted drying
respectively. The inset in d) shows the device structure in more detail. The arrow in e) indicates the
thickness of the active D-A composite layer. f) Corresponding composite device schematic.

Drop-casting followed by spinning of PCBM or Cgy solution resulted in film
penetration with a smooth but not complete coverage as seen in Figures 5.9a-b. The films
are not uniform as thicker layers are found covering cavities where at other places the
underlying 3D scaffold is completely exposed. Although the spinning was introduced to
rid excess solution and enhance solution spreading and penetration it mainly led to
solution losses at exposed features which at some uneven spots cannot be compensated
by the 40 nm Cg¢ buffer layer. The cross-sectional image in Figure 5.9d demonstrates the
surface roughness in a complete device resulting in a non-uniform electrode with
disconnected or isolated contact areas. Simple dipping of 3D open-cellular films in
acceptor solution resulted in very inhomogeneous surface coverage with little penetration
of the deeper pores (Figure 5.9¢). The deposition leaves large areas uncovered exposing

the entire donor structure with other sections covered with a thick layer which leads to
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very uneven and rough sample surfaces. In the case of dipping the penetration time is far
too short to wet the surface and penetrate the porous structure, then not allowing trapped
gas in the voids to escape. The third method based on drop-casting followed by
controlled drying with subsequent drying at elevated temperature resulted in good pore
infiltration through the entire film with a very uniform top layer. This can be seen in the
cross-sectional image of the complete device in Figure 5.9¢. This method allows the
solution to slowly penetrate the film with some remaining solution on the top surface to
form an even layer. This makes it the most promising method to realise such 3D
interpenetrating nanocomposite layers.

It is assumed that the penetration of the porous film and especially smaller
cavities is based on capillary effects which require longer exposure times. One of the
main issues in the fabrication of such structures is the delicate combination of the
materials: water-soluble hydrophilic donor scaffolds infiltrated by a hydrophobic
acceptor solution. It is a requirement that the solvent does not dissolve the matrix which
also makes it harder to penetrate small pores deep in the film. A possible explanation for
the infiltration mechanism of the presented films could be that the low concentration
acceptor solution based on dichlorobenzene partly dissolves a thin surface film of the
scaffold to enhance its wettability, then enabling the infiltration of the pores through

capillary forces.

5.3.2.2 J-V device characteristics
3D D-A composite structures of templated donor (PTEBS and TSCuPc) and

infiltrated acceptor material (Cgp and PCBM) were implemented in complete devices and
tested under 1 sun illumination. The devices vary in template sphere size, the donor and
acceptor material combination and the infiltration method. All D-A composite devices
presented in this section employ the same device architecture: ITO/composite/Cgo (40 nm
OMBD)/BCP (7 nm)/Al (see Figure 5.9f). The device parameters and performance
characteristics are summarised in Table 5.2. Standard deviation is not given if the
variation between the pixels within the devices and across devices was not representative
due to shorts or variations of a few orders of magnitude. In such cases only the best

working pixel is stated.
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Table 5.2 Comparison of device performance data of D-A composite structures (A) to (F) as well as planar
heterojunction reference devices (G), (H), (I1) and (I2) all based on PTEBS and TSCuPc as the donor in
conjunction with C¢y and PCBM as the acceptor.

Device Voc [V] Jsc [mA cm’z] FF PCE [%] Sphere diam. [nm]/
add. information

(A) PTEBS-Cy 0.60 0.008 0.24 12x10° 78

(dipped)

(B) PTEBS-Cygo 0.07 0.007 0.25 12x10* 78

(casted + spun)

(C) TSCuPc-PCBM  0.14 0.002 0.23 47x 107 96

(casted + spun)

(D) PTEBS-PCBM 0.65 0.010 0.24 1.5x10° 78

(casted + spun)

(E) PTEBS-PCBM 043+0.05 0444+0.130 0.38+0.03 0.07£0.02 96

(casted + heated)

(F) PTEBS-PCBM 0.55+0.12 0312+0.061 0.38=+0.02 0.07 £0.02 78

(casted + heated)

(G) PTEBS/Cq 0.38+0.08 1.32+0.01 0.43+£0.01 0.21+£0.05 Planar

(H) PTEBS/PCBM 0.44+0.11 0.91+0.05 0.35+0.04 0.14 £ 0.05 Planar

(I1) PTEBS/Cyp 0.52+0.07 3.12+0.10 0.50 £0.04 0.81 £0.10  Planar, optimised

(untreated)

(I12) PTEBS/Cg 049+0.12 227+0.36 0.49 + 0.05 0.54+£0.16  Planar, treated

(heat + THF treated)

Both devices (A) and (B) are based on the same D-A composite device structure

templated by 78 nm spheres only differing in the infiltration method with simple dipping

for (A) and drop-casting followed by spinning for (B). Devices (A) and (B) exhibited a
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Voc of 0.60 V and 0.07 V, a Jsc of 0.008 mA cm™ and 0.007 mA cm™, a FF of 0.24 and
0.25 as a PCE of 1.2 x 10™ % and 1.2 x 10™* % respectively.

Device (C) and (D) were fabricated from drop-casting followed by spinning using
PCBM. Device (C) uses TSCuPc as a donor templated from 96 nm spheres where device
(D) was based on PTEBS templated from 78 nm spheres. Device (C) produced a Voc of
0.14 V, a Jsc of 0.002 mA cm'z, a FF of 0.23 and a PCE of 4.7 x 10° %. By contrast
device (D) demonstrated a high Voc of 0.65 V, a Jsc of 0.010 mA cm'z, a FF of 0.24 and
a PCE of 1.5x 107 %.

The most successful devices (E) and (F) were based on PTEBS infiltrated by
PCBM solution drop-casting combined with controlled drying at elevated temperature.
Device (E) was templated from 96 nm and device (F) from 78 nm spheres resulting in a
Voc of 0.43 V and 0.55 V and a Jsc of 0.444 mA ¢m™ and 0.312 mA cm’™ respectively,
with the same FF of 0.38 and average PCE of 0.07 % for each which can be seen in
Figure 5.10. The highest PCE achieved was 0.11 % for device (E) and 0.08 % for device
(F). Both devices show a large standard deviation in Vpc and Jsc adding up to a deviation
in the PCE of almost 30 %. A cross-sectional image of device (E) is shown in Figure

5.9e.

-2

Current density/ mA cm
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Figure 5.10 J-V curves of PTEBS-PCBM 3D composite devices (E) and (F) templated from spheres with
96 nm and 78 nm in diameter as well as planar reference devices (G), (H) and (12).
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Reference devices (G), (H), (I1) and (I2) are based on planar D/A heterojunction
device architectures using different acceptor layers, solvent and vacuum deposition as
well as solvent treatment (Figure 5.10): ITO/PTEBS (5 mg mL")/acceptor/BCP (7
nm)/Al. In (G) and (H) a ~30 nm layer of either C¢9 or PCBM is spin-coated from
solution onto PTEBS in order to have a system closely comparable to solution processed
D-A composite devices. The Cgp based device (G) showed a Ve of 0.38 V with a large
variation, a Jsc of 1.32 mA cm'z, a FF of 0.43 and a PCE of 0.21 % with a relative
standard deviation of 24 %. Device (H) employing PCBM exhibited a slightly higher Voc
of 0.44 V again with a large variation, a Jsc of 0.91 mA cm'z, a FF of 0.35 and a PCE of
0.14 % with a relative standard deviation of 25 %. Reference devices based on vacuum
deposited Cg (I1) and (I2) are discussed in detail in Chapter 4.

For both D-A composite devices (A) and (B) the performance is very low with
particular lack in Jsc. The open-cellular films were not sufficiently penetrated by the
solution with either infiltration method leading to open voids and very uneven contact
layers. Such J-V behaviour was expected from the composite film morphology revealed
by SEM in Figure 5.9a-c. The low Voc in (B) can be explained by the absence of a proper
D/A heterojunction at exposed fractures of the PTEBS matrix, connecting bottom and top
electrode through pinholes.

The very low OPV performance of TSCuPc device (C) was expected as the large
film cracks of 1-2 um in width (Fig. 5.6a) could not be sufficiently filled by the acceptor
in the infiltration process. This leaves the top electrode scattered in small domains
without interconnection and therefore no current collection which makes this approach
unsuitable for TSCuPc based composite structures. The material could be a potential
candidate if the film cracking during nanosphere self-assembly can be significantly
reduced or eliminated as was achieved for polymeric PTEBS. PTEBS device (D)
performed similarly to (A) and (B) with exactly the same low performance and low
current hinting towards poor infiltration regardless of the acceptor material. The device
also shows a very rough top layer making homogenous large area top contacts impossible
(Fig. 5.9d). This leads to the conclusion that the choice of infiltration method is vital for a
working D-A composite device and was not satisfied by infiltration methods such as

drop-casting followed by spinning or dipping.
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The best performance for 3D nanostructured D-A composite devices were
achieved by PTEBS-PCBM devices (E) and (F) with significant improvement in Jsc and
FF over all other D-A devices (A) to (D). (E) templated from 96 nm spheres and (F)
templated from 78 nm spheres differ in Voc and Jsc as well as highest achieved PCE.
Device (E) with larger pore size and therefore larger PCBM domains reveals a ~40 %
larger Jsc compared to device (F) which is probably based on the increased PCBM
current contribution from the larger overall PCBM volume in the larger voids. The lower
Voc can partly be explained by direct PCBM domain contact in the composite matrix to
the ITO bypassing the D/A interface. The larger pores and the absence of a PTEBS buffer
layer enable such an unfavourable contact. For smaller pores as found in (F) the ITO
coverage with PTEBS is better which prevents it from V¢ losses reaching higher values.
Due to the special fabrication method involving water immersion and various solvent
treatments a PTEBS (and TSCuPc or CuPc) buffer on the ITO is not possible which
shows one of the limitation of this approach. With a FF of 0.38, both devices perform
slightly higher than the reference (H) with a FF' of 0.35 which indicates a good in-tact
interpenetrating structure. The best PCE of 0.11 % for device (E) is in a comparable
range to the reference device (H) with 0.14 % (optimised thin PTEBS layer) but reaches
only about half of the Jsc which was the main target of improvement with such a
templating attempt. Device (F) with even smaller domains does not show an increase in
Jsc either. A possible explanation for the lower Jsc but better FF of the D-A composite
devices compared to planar references could be the presence of larger PV inactive
composite domains or areas in the device which do not contribute to the photocurrent,
where other composite areas with well pronounced composite structures generate an
increased photocurrent leading to an averaged lower Jsc. The influence of THF vapour
exposure as well as heat in (I2) showed only a reduction in Js¢ by 27 % compared to (I1)
which is not seen as the main limiting factor. PS residues are assumed to be the greater
problem for such delicate devices as there is no certain proof of their complete removal.
Even very thin layers of PS can ruin the interface by covering it with an electrically
insulating film.

In case of the presented PTEBS-PCBM and TSCuPc-PCBM composite devices

from 96 nm and 78 nm spheres the Ly criteria of both materials sufficiently match the
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structure dimensions which theoretically set the basis for higher Js¢cs through improved
exciton diffusion efficiency. The sphere radius (48 nm and 39 nm) matches the reported
Lp of fullerenes of 40 nm.*®! With a halved average wall thickness of 10-15 nm the
PTEBS walls are on the higher limit of Lp <10 nm (see Chapter 4) for an optimised cell.
A more general problem of this particular templating approach is the limitation to only
water-soluble donor materials, e.g. PTEBS and TSCuPc, due to the necessity of two
completely different solvent systems required by the multistep fabrication process. As
shown in Chapter 4 both donors are vital to establish a working heterojunction. However,
TSCuPc does not and PTEBS does only very slightly contribute to the Js¢ which differs
from the characteristics defining an ideal OPV donor. It has also to be taken into account
that 3D open-cellular or porous structures incorporate cage-like features. Such a structure
might not be ideal from charge separation point as parts of the interface are inverted and
opposing the built-in electric field. This leads to enhanced geminate pair recombination
and therefore current loss.!*”*!

Overall, it is assumed that the gained improvement of an engineered 3D
interpenetrating D-A composite structure with increased active interface area is greatly
compromised by the complexity and conditions of such a multistep fabrication process
leading to film defects, residues and material exposure to air and water. Nevertheless, to
our knowledge this novel approach to fabricate 3D ordered interpenetrating D-A
composite structures and working OPV devices has not been reported in the literature and

can serve as a model system towards a proof of concept.

5.4 Conclusions

In this study a new fabrication route for large surface area 3DOM organic thin
films with a sub-100 nm open-cellular interconnected structure is presented. The films
are achieved by co-deposition of the organic semiconductors and ‘small’ spherical PS
particles, which is shown to be an efficient means of simultaneously assembling the PS
spheres and infiltrating the interstitial vacancies. The method is demonstrated using both
low molecular mass, i.e. TSCuPc, and high molecular mass, i.e. PTEBS, organic

semiconductors thereby demonstrating the versatility of the approach. Moreover, by
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using polymeric PTEBS as a filling material large area composite films of very low crack
density were achieved. Subsequent template removal by hot solvent vapour treatment is
shown to be an efficient technique of sphere removal generating 3D open-cellular organic
semiconductor films of tunable pore size between 35-96 nm depending on the size of the
PS latex spheres used. Despite minor defects and partially distorted packing order -
particularly when using the smallest sphere templates - the resulting interconnected
cellular networks of organic semiconductor provide an ideal platform for subsequent
solution based infiltration of electron acceptor materials, such as PCBM and Cg to form
interpenetrating network nanocomposites. From the different infiltration methods tested,
drop-casting followed by controlled drying at elevated temperature lead the best void
infiltration and uniform surface coverage. In a further step TSCuPc and PTEBS based
composites of 78 and 96 nm were implemented in complete OPV devices and tested at 1
sun illumination. Composite devices fabricated from TSCuPc resulted in a very low
performance due to larger cracks in the composite films which could not be compensated
by the infiltrated material. PTEBS-PCBM based composite devices with the best
performing devices templated from 96 nm and 78 nm spheres reached a PCE of 0.11 %
and 0.08 % respectively. Although a current increase due to improved exciton diffusion
efficiency and maintained charge collection efficiency was expected, both devices
showed a Jsc which was significantly lower than found for the solution processed
reference device. However, a slightly higher FF in both composite devices indicated an
in-tact composite structure for these much thicker layers suggesting that parts of the
composite film might be inactive in current generation. There are various possible causes
for such a current loss including defects, residues as well as variation in film quality and
total thickness.

For such complicated devices it is assumed that the gained improvement of an
engineered 3D interpenetrating D-A composite structure with increased active interface
area tailored to Lp is greatly compromised by the complexity and conditions of such a
multistep fabrication process. However, the presented approach to fabricate 3D ordered
interpenetrating D-A composite structures and more importantly working OPV devices is
a novel route. To our knowledge, no such devices have been reported in the literature.

Despite the complexity of the multistep fabrication process and draw-backs in various
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device and structure related areas the developed composite structures can be used as a

model system towards a proof of principle.
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Chapter 6: Electrode modification

through TMO Iinterlayers

In this chapter the influence of a TMO interlayer based on ZnO or TiOy between
the electron collecting bottom electrode and the photoactive blend of P3HT and PCBM in
an inverted structure is investigated. The first part covers the TMO thin film deposition
and characterisation including AFM, SEM, UV/vis absorption spectroscopy and XRD.
The ZnO films were either deposited by electrodeposition or spray pyrolysis. The TiOy
thin films were fabricated from sol-gel process. In a second part the interlayers are
studied in solution processed inverted BHJ OPV devices with focus on J-V

characterisation as well as operational device stability measurement.

6.1 Introduction

6.1.1 Background of TMO interlayers in OPVs

To achieve even higher device efficiencies and to obtain increased shelf and
operational stability the insertion of charge extraction and exciton blocking layers, as
well as the use of new electrodes have been explored. Device design has focused on the
use of hole-extracting TMO interlayers such as MoOy, V,0x, NiO and WOy, to either
replace or cover the commonly used, but unstable poly(3,4-ethylenedioxythiophene)
poly(styrene sulfonate) (PEDOT:PSS) layer.['* 12! 147 276. 277 Hyle_extracting TMOs
have been employed in both the standard device architecture, with the ITO electrode
collecting holes and the metal electrode collecting electrons, and more innovative
inverted architectures with opposite charge collection (Figure 1.6a-b).l"*" 2% Despite its
advantages of good hole conductivity, electron blocking behaviour and higher
workfunction compared to ITO, long-term degradation of devices is at least partly caused

by PEDOT:PSS due to reactions with oxygen and water as well as delamination.!*’” >
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PEDOT:PSS can also be corrosive when solution-processed onto ITO substrates or when
in contact with other metal electrodes due to the acidity of PSS, resulting in interface
damage and device degradation.® '*°! Furthermore it reveals heterogeneous electronic
properties across the film.*’"! Ideally, TMO interlayers should successfully prevent
contact between the ITO or metal electrode and the active organic layer, thus reducing
current leakage, as well as providing a more homogenous electrode conductivity and

[131.198] TMO insertion also allows a better energy level alignment of the

workfunction.
donor HOMO energy level to the electrode workfunction via provided defect states for
efficient charge extraction.!'** *"! Moreover, TMOs can be deposited by vacuum or
solution deposition which makes them easily processable and gives good control over
film growth.

Applying the same interlayer concept to the opposite electrode, an electron-
extracting and hole-blocking TMO buffer layer can be integrated using materials such as
ZnO and TiO,.!'"™ 2% Such TMOs can be processed from solution using a number of
different techniques, including sol-gel process, spray pyrolysis and electrodeposition.!'*>
162 281283] pyrthermore, BCP can be replaced, which is involved in the performance
degradation process of devices due to film re-crystallisation.”*¥

Only a limited number of studies have been conducted investigating this new
class of materials as electron extraction layers in OPVs. One of the key challenges is the
move to inverted device architectures since most TMO deposition techniques are
performed on bare ITO substrates as they involve either high temperature annealing to
improve crystallinity, e.g. sol-gel process or spray pyrolysis, or the use of conductive
substrates, e.g. electrodeposition, to fabricate planar and nanostructured thin films. If the
two types of charge extracting layers are combined in one device a very stable
TMO/polymer blend/TMO sandwich structure can be realised with chemically inert TMO
films around the delicate photoactive blend with greatly improved charge extraction.!*!
Additionally, when applied to inverted device architectures the favourable vertical phase
separation of the photoactive blend seen in typical P3HT:PCBM systems with a higher
concentration of the fullerene in the proximity of the electron extracting layer, is
advantageous and results in better overall charge extraction, improved Jsc and larger

FF.B% 251 previous reports have involved the use of electrochemically grown ZnO
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nanorods and corrugated ZnO nanoridges, resulting in PCEs of up to 4.0 %.["°* 2%

Recently, a PCE of 4.4 % has been demonstrated by integrating a cross-linked fullerene
material layer between the ZnO and the blend layer of P3HT and PCBM (molecular
structures see Figure 1.7), a remarkable result for an inverted BHJ device architecture.**”!
Similarly, inverted BHJ OPVs employing TiOx from sol-gel process with either a
PEDOT:PSS/Au, MoOy/metal or WOy/metal electrode show good performance of
between 2.0 % and 4.1 % efficiency.®® 12> 28] Using TiO, based inverted BHJ devices
Tao et al. showed an independence of the workfunction of the top metal electrode in
inverted architectures by introducing the MoOy interlayer between the photoactive
polymer blend and the metal electrode with similar device performance for Al, Ag and
Ay [129]

Electrodeposition of ZnO is shown to offer the highest control over the
experimental parameters. It allows the creation of a broad variety of different
morphologies, grades of crystallinity and structures, as well as nanostructuring and
template assisted growth. The procedure is conducted at low temperature, leading to
homogenous dense planar films with high film crystallinity and different preferential
crystal orientation without thermal annealing and offers easy scalability to larger
areas.''> ™! Electrodeposition also allows better control over impurities, defects,
vacancies and stoichiometry, which all influence the photoconductive behaviour of
ZnO.1"% 2% gpray pyrolysis of ZnO is a widely used technique to produce wurtzite
structures with the naturally grown polar (002) preferential lattice orientation but requires
high temperatures of up to 500 °C which can be damaging for ITO."*! The technique is
simple and suitable for scale-up in area, but restricted to planar film fabrication.

TiOx thin films are mainly fabricated from sol-gel process which allows
fabrication of very thin and dense films of tens of nanometres with good control over film
thickness and roughness. Other deposition techniques such as electrodeposition, spray
pyrolysis, sputtering and direct oxidation can be employed for TiOy film fabrication but
were rarely employed for OPVs.!''"* #! In DSSCs, TiO, crystals are usually deposited
from solution or as a paste by doctorblading and sintered to form meso-porous films of a
few micrometres in thickness which is not suitable for BHJ OPVs. More details about

TMO interlayers can be found in the introduction section 1.3.3 and 1.4.2.
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6.1.2 Aim

The formation and properties of different types of ZnO and TiOy interlayers are
compared using UV/vis, AFM, SEM, XRD and TEM combined with FIB milling.
Furthermore, the impact of the electron collecting TMO interlayers on OPV device
behaviour when integrated into inverted BHJ P3HT:PCBM devices is assessed including
J-V and operational stability measurements. In both cases a first step is the development
of functional inverted device structures which include the introduction of hole collecting
TMOs. For TiOx the film deposition and thickness is optimised for inverted BHJ OPVs as
a reference system. A more detailed study on the different ZnO interlayers is carried out
to develop a deeper understanding of the structure/function relationship of crystal
structure and orientation as well as film morphology for an optimised device

performance.

6.2 Experimental

6.2.1 TMO interlayer preparation and characterisation

ITO-coated glass substrates used for ZnO deposition were ultra-sonicated for 10
minutes in acetone, methanol, 0.1 M sodium hydroxide aqueous solution and deionised
water (18 MQ cm, Ondeo Purite) prior to ZnO deposition. All other ITO-coated
substrates were cleaned according to the method described in Chapter 2.

ZnO films prepared by spray pyrolysis (SP) were deposited onto ITO substrates at
400 °C from a solution of 0.2 M Zn(ac), dissolved in methanol followed by an annealing
step in air at 400 °C for 20 minutes. Electrodeposited (ED) ZnO films were prepared in a
three-electrode set up consisting of an ITO working electrode, a Ag/AgCI/KCI (3.5M)
reference electrode and a platinum mesh counter electrode. Electrodeposition was carried
out potentiostatically by applying a potential of -1.3 V vs. the Ag/AgCl electrode. The
deposition was halted after a charge of 0.15 C cm™ had been passed (8 seconds for a 1

cm” electrode). The deposition bath contained 0.1 M and 0.13 M Zn(NOs), for films A-
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ED and B-ED respectively and was maintained at 85 °C. For B-ED the solution was kept
at pH 2.5 by adding concentrated hydrochloric acid (also see section 2.1.3.3).

The TiOy thin films were fabricated from a sol-gel process using the precursor
solution described in section 2.1.3.2. The films were spin-coated with spin speeds
between 1000 rpm and 5000 rpm in air followed by a multi-step drying and annealing
procedure in air. The films were first dried at room temperature followed by a heating
step with gradually increased temperature up to 200 °C over 1 hour, 1 hour at 200 °C and
then 2 hours at 450 °C. All films were characterized by XRD, FE-SEM, TEM, AFM in

AC mode, and UV/vis electronic absorption spectroscopy.

6.2.2 OPV device fabrication and assessment

The solution of P3HT (MW = 55-60 k) and PCBM was prepared via dissolution
of 20 mg mL™ of each compound in 1,2-dichlorobenzene and was left stirring at 40 °C
for at least 36 hours under inert atmosphere and filtered (0.2 pwm) prior to spin-coating.
The blend solution was spin-coated onto ITO, ITO/ZnO or ITO/TiOx substrates for
inverted, or onto ITO, ITO/WOy or ITO/MoOy substrates for regular, devices at 1000
rpm. This step was followed by drying for 45 min at room temperature and then
annealing at 120 °C. The WOy and MoOy interlayers on ITO were predeposited with film
thicknesses of 10 nm and 5 nm respectively. The film thickness of the blends was about
140 nm, measured by AFM on film step edges on ITO substrates. For the top contact of
the inverted devices, WOx and Al were deposited by thermal evaporation with film
thicknesses of 10 nm and ~100 nm respectively. The top electrode of the regular devices
was based on a 7 nm BCP layer followed by Al. The active area of the fabricated OPV
devices is 0.06 cm’. J-V measurements under illumination and under dark conditions
were conducted as described in section 2.3. All devices were tested in a sealed sample
holder under a N, atmosphere.

Device optimisation experiments were carried out for B-ED samples, including
thicker polymer blend layers of ~173 nm deposited via spin-coating. Operational stability
measurements for extended testing times of up to 40 hours of constant light exposure

were carried out with a tungsten halogen lamp calibrated to 100 mW cm™.
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6.3 Results

6.3.1 Transmission

Transmission spectra of ITO, ITO/TiOx and the three different ITO/ZnO samples -
SP, A-ED and B-ED - are shown in Figure 6.1. All three ITO/ZnO substrates (Figure
6.1a) and TiOy (Figure 6.1b) show good transparency in the visible part of the spectrum
with little deviation from bare ITO, where the P3HT:PCBM blend film absorbs best. This
suggests that the deposition of the TMO layer is unlikely to be detrimental to device

performance due to any undesirable light absorption at these thicknesses.

uondiosqy
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Figure 6.1 Transmission spectra a) various ZnO films deposited on ITO: SP, A-ED and B-ED and b) TiO,
(3000 rpm) in comparison to the absorption spectrum of the P3HT:PCBM film.

6.3.2 Morphology

The morphological properties of the three types of ZnO and TiOy films are shown
in Figure 6.2, where FE-SEM and AFM images for SP (a), A-ED (b), B-ED (c) and TiOy
(d) substrates are presented including their corresponding AFM height cross-section

profiles.
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Figure 6.2 Top view FE-SEM and AFM images of the ZnO and TiOj films: a) SP, b) A-ED, c¢) B-ED and
d) TiOy, respectively. The images in d) also show the hole inhomogeneities in the TiOy thin film.
Representative AFM height cross-section profiles are also provided. The scale bar in the SEM images is

500 nm in length.
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It is evident how the ZnO film roughness increases in going from the SP sample
with a surface roughness value R, of 12.7 nm, to electrochemical deposition with R,
values of 23.7 nm and 27.9 nm for the A-ED and B-ED samples respectively. The SEM
images in Figures 6.2b and 6.2c also highlight the different morphologies of the two
electrochemically deposited ZnO layers from the SP sample in Figures 6.2a. TiOx films
on the other hand are very smooth with an R, value of only 2.3 nm compared to 4.4 nm
for bare ITO. Most of the TiOy film is very dense and evens out the ITO surface. The film
shows occasional film inhomogeneities such as holes of less than 100 nm in diameter
reaching all the way through the film to the ITO substrate which can clearly be seen in
Figure 6d. The holes originate from tiny gas bubbles in the wet gel formed during the
spin-coating process. A change in roughness from a sintered thin film with an R, of 2.3
nm to a film without heat treatment with an R, of only 1.2 nm could be observed. This
change hints towards nanocrystal formation in the film although no larger features could

be seen in AFM images.

6.3.3 XRD

Additional characterisation of the ZnO films was provided by XRD
measurements. The preferential orientation of the films was estimated by calculating the

texture coefficients (7C) using Equation 6.1:

TC(hkl) = 1(hkl) /lz 1(hkl)

I,(hkl) n“ I,(hkI) (Equ. 6.1)

TC(hkl) 1s the texture coefficient of the specific (hkl) plane, I(hkl) is the
measured intensity, /y(hkl) is the relative intensity factor given in the Joint Committee on
Powder Diffraction Standards (JCPDS) data, and #» is the number of reflections or peaks
considered. XRD patterns of the SP, A-ED and B-ED ZnO films are shown in Figure
6.3a. If the films do not show a preferential crystal orientation in the considered direction,
TC(hkl) is close to one. For films with a preferential crystal orientation of the grains,

TC(hkl) is greater than one. The main diffraction peaks in the XRD pattern have been
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fitted with a Gaussian curve to calculate TC(hkl). Figure 6.3b shows the different crystal
plane orientations of a ZnO wurtzite-type structure. ZnO crystallises in a wurtzite
structure with polar and non-polar faces and the crystal has a polar hexagonal c-axis. A
Zn*" ion is surrounded by four O* ions in a tetrahedral configuration and vice versa.l''™
The three XRD patterns present strikingly different features in the region centred
around 26 = 36°. The corresponding 7C values for the ZnO peaks are summarised in
Table 6.1. The SP and A-ED films appear to have a more pronounced preferential
orientation for the (002) plane (7C = 4.47 and 5.56 respectively) than the B-ED type,
which has an in-plane (100) preferential orientation (7C = 2.10). The polar (002) surface
can be either Zn*" or O” terminated depending on the substrate polarity, growth
environment and terminating surface residues such as hydroxyl and hydrocarbon groups.
(100) and (110) are non-polar surfaces based on charge neutral Zn-O dimers.”® These
differences can lead to different affinities with the polymer blend at the inorganic-organic

interface and help provide a qualitative explanation for the different performances of the

OPV devices fabricated using the three different types of substrates (section 6.3.4).

A c-axis

a) . b) """'Q
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(i1)

¢
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Figure 6.3 XRD patterns of the ZnO films: (i) SP, (ii) A-ED and (iii) B-ED. The inset shows a magnified
view of the diffraction pattern (i) between 35-38° obtained with a higher counting time. The ZnO peaks
have been indexed using Miller indices (4kl). All other peaks correspond to ITO. b) ZnO wurtzite-type
crystal structure.
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Table 6.1 TC values for deposited ZnO thin films highlighting the effect of different deposition conditions
on the crystal plane orientation using the Miller indices (/k7) respectively.

(hkl) TCsp TChaep TCq.ep
(100) - 0.42 2.10
(002) 447 5.56 0.94
(101) 1.52 0.52 1.39
(102) - 0.71 0.52
(110) - 0.04 1.23
(103) - 1.27 0.72
(200) - 0.00 0.17
(112) - 0.48 0.98
(201) - 0.00 0.96

XRD measurements on TiOx films did not show any characteristic diffraction
peaks which could mean that the films were either amorphous or the films were too thin
(<50 nm) to detect a distinct signal. The spun precursor gel hydrolyses in air to form a
TiOx network at room temperature. Only sintering above 450 °C leads to anatase or rutile
crystal phases. Although the films were sintered at 450 °C (hot plate setting) the films can
be assumed to be at least partially amorphous and no distinct anatase phase has been
developed. Despite the surface roughening upon sintering no distinct surface or crystal
features could be observed. Studies by Kim et al. showed good electron mobility of 1.7 x

10* cm®V™'s™ for amorphous TiOy from sol-gel process sintered at only 150 °C.!'%!

6.3.4 OPV device performance

A schematic of the basic regular and inverted OPV device architectures including
electronic energy level diagrams is shown in Figure 6.4. In the regular structure MoOy
and WOy are replacing PEDOT:PSS, and BCP is inserted as an exciton blocking layer. In
the inverted structure ZnO and TiOy are placed on top of the bottom electrode and MoOx
and WOy cover the top of the BHJ layer.
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Figure 6.4 Schematic of a regular and an inverted device architecture with the corresponding electronic
energy level diagrams below. The light grey bars indicate the range of the reported energy values.

6.3.4.1 TiOy interlayer thickness optimisation
Figure 6.5 shows the J-V curves of inverted BHJ devices with varying TiOy

interlayer thickness, d, based on an ITO/TiOx (d nm)/P3HT:PCBM/WO,/ALl architecture.
Different film thicknesses were fabricated by varying the spin speed during film
deposition of the precursor sol which indirectly relates to film thickness (as shown in the
inset of Figure 6.5a).

Spin speeds from 2000 up to 5000 rpm were applied leading to film thicknesses
between 43 nm for low speeds down to 20 nm for high speeds. All fabricated devices
show good diode behaviour with similar device performance for layers between 29 nm
and 43 nm. Only the thinnest TiOy layer of 20 nm thickness has a reduced Jsc which then
affects its PCE. An optimum performance was achieved with a 37 nm thick interlayer
with a Voc of 0.53 V, a Jgc of 10.48 mA cm'z, a FF of 0.53 and a PCE of 3.12 %. This
performance is in good agreement with other reported values of 2.6 %.!"*! The trend is
illustrated in Figure 6.5b. The reduction in Js¢ for thin interlayers can be attributed to

current leakage through defects at a partially mixed ITO/TiOy interface where P3HT and
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PCBM are both in contact with ITO. For thicker layers than 37 nm the Jsc decreases
slightly due to a reduced transmission and increased Rg which both correlate with

increasing film thickness.
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Figure 6.5 J-V curves under 1 sun illumination of inverted OPV devices (ITO/TiO, (d
nm)/P3HT:PCBM/WO,/Al) with different TiO, interlayer thicknesses d. The inset shows a plot of TiOy
thickness against spin-speed. b) Summarising performance plot of inverted BHJ devices employing
different TiO interlayer thicknesses.

6.3.4.2 ZnO interlayer devices and comparison of their performance

ZnO interlayers of the three different types; SP, A-ED and B-ED were
incorporated in  complete inverted BHJ OPV  devices following an
ITO/ZnO/P3HT:PCBM/WOy/Al device structure.

Due to the dramatically increased TMO interlayer film roughness the fabricated
devices had to be checked for complete blend infiltration and sufficient surface coverage
in order to avoid current leakage through pinholes in the TMO structures. A cross-section
of a typical device was prepared by FIB milling before examination by TEM. A
protective layer of Pt is deposited onto the surface of the area of interest prior to milling

to minimize the damage to the subsurface.
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Figure 6.6 Bright field TEM cross-sections of a BHJ OPV device grown on a) the A-ED and b) the B-ED
substrate. High-resolution TEM images of different interfaces in the BHJ device (A-ED): ¢) ITO/ZnO and
d) ZnO/P3HT:PCBM.

The montage of bright field TEM images of A-ED and B-ED presented in Figure
6.6 shows that a high quality layered structure has been formed over large areas with
relatively sharp interfaces. It is interesting to note that the roughness at the ZnO/blend
interface is consistent with the plan view AFM measurements, and that deposition of the
blend results in planarisation of the surface before subsequent WOy deposition. The high
resolution interface images in Figure 6.6c-d also prove the completeness of the
subsequent layers which are free of any visible voids or defects.

The J-V performance for the different inverted devices based on ZnO and TiOy
interlayers and the regular reference devices are shown in Figure 6.7 with key device
parameters summarised in Table 6.2. When the SP ZnO interlayer is used, the devices
provide a Vpc of 0.48 V, a FF of 0.53, a Jsc of 10.03 mA cm™ and a PCE of 2.56 %. This
is a significant improvement with respect to the inverted reference device grown without
a ZnO layer that gives a Voc 0of 0.41 V, a FF of 0.50, a Jsc of 8.91 mA cm™? and a PCE of
1.76 %, and also gives improved overall performance consistency. Such behaviour
highlights the need for the TMO interlayer to achieve considerably higher and more

reproducible performance. The inverted devices containing different electrodeposited
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ZnO interlayers result in even better performance with a Vpcof 0.53 V and a FF of 0.52
for the A-ED device, and a Vpcof 0.55 V and a remarkably high FF of 0.66 for the B-ED
device. The Jg¢ for the A-ED device was 9.26 mA cm'2, a value slightly lower than that
obtained for the devices containing SP (10.03 mA c¢m™) and B-ED (10.68 mA c¢m™) ZnO
with 140 nm blend thickness. The optimised B-ED based device with a 173 nm
P3HT:PCBM layer shows a comparable Voc of 0.54 V and FF of 0.65 to the 140 nm B-
ED device but a larger Jsc of 13.45 mA cm™ and a resulting remarkable (average) PCE of
4.81 % with a maximum of 4.91 %. This is one of the highest reported PCEs for an
inverted OPV BHIJ device. The efficiency increase originates from the improved light

harvesting of the thicker organic active layer.
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Figure 6.7 J-V curves under 1 sun illumination of a) regular OPV devices and b) inverted OPV devices
(ITO/ZnO or TiO/P3HT:PCBM/WO,/Al) with TiOy and different types of ZnO interlayers including B-ED
with 173 nm and 140 nm thick P3HT:PCBM layers, A-ED, SP and bare ITO as a reference. The inset
shows a log-log plot of Js¢ against illumination intensity (P;,.) for the device with the TiO, and A-ED
interlayer with 140 nm and the B-ED interlayer with 140 nm and 173 nm thick P3HT:PCBM layers
respectively. ¢) J-V curves under dark condition for all the different inverted devices.
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In contrast to the devices incorporating different ZnO interlayers, the device
performance of an optimised TiOx based device shows a similar Vpc and FF to A-ED
leading to a PCE of 3.12 %.

Regular devices employing either an ITO/MoOyx or ITO/WOy bottom electrode
reached a slightly higher Vpc of 0.58 V and an excellent FF of 0.70 compared to the
inverted devices as well as a Jsc of 8.39 mA cm™ and 9.74 mA cm™ and a PCE of 3.59 %
and 4.15 % respectively. The regular ITO reference device outperforms the inverted ITO
reference device with a better Voc of 0.55 V, a Jsc of 9.40 mA cm'z, a FF of 0.54 and a
PCE of 2.75 % but is significantly lower in performance and less consistent than those
devices containing MoOy and WOy interlayers. This highlights the importance and the
effect of the hole extracting TMO interlayers in a device with similar effects reported for

small molecule based OPVs. 124 148]

Table 6.2 Summary of device performance for inverted OPVs based on the ITO/ZnO or
TiO,/P3HT:PCBM/WO,/ALl structure. It also includes the performance summary of inverted and regular
reference OPVs. The PCE is quoted as an average value with the highest performance measured in
brackets. All devices are labelled with respect to their bottom electrode.

Device structure Voc [V] Jsc [MA ecm™]  FF PCE [%)]

Inverted architecture

A-ED, 140 nm P3HT:PCBM 0.53+0.02  9.26+0.77 0.52+0.03  2.55+0.33 (3.26)
B-ED, 140 nm P3HT:PCBM 0.55+0.01 10.68+0.59 0.66+0.01  4.00+0.17 (4.24)
B-ED, 173 nm P3HT:PCBM 0.54+0.01 13.4540.52 0.65+0.01  4.81+0.13 (4.91)

SP, 140 nm P3HT:PCBM 0.48+0.01 10.03+£0.10 0.53£0.01  2.56+0.09 (2.64)
TiOy, 140 nm P3HT:PCBM 0.53+0.01 10.48+0.09 0.53+0.01  3.12+0.07 (3.21)
ITO, 140 nm P3HT:PCBM 0.41+0.07  8.91+1.59 0.50+0.03  1.76+0.51 (2.23)

Regular architecture

MoOy, 140 nm P3HT:PCBM 0.58+0.01  8.39+0.28 0.70£0.01  3.59+0.17 (3.71)
WOy, 140 nm P3HT:PCBM 0.58+0.01  9.74+0.17 0.70+0.01  4.15+0.05 (4.18)
ITO, 140 nm P3HT:PCBM 0.55+0.01  9.40+0.16 0.54+0.06  2.75+0.43 (3.05)
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The general trend of improvement in OPV performance for inverted structures,
including the increase in V¢, FF and Jsc compared to devices without the TiOx or ZnO
layer, can be partly explained by a more efficient electron extraction mechanism by the
TiOx and ZnO interlayer as a consequence of the high electron mobility in TMOs and
better energy alignment of the TMO CB and the PCBM LUMO.**!]

The energy level alignment between the conduction band of ZnO (-4.1 to -4.4
eV)*4 and TiOy (-4.0 to -4.3 eV)* 1% with the LUMO of the PCBM acceptor (-3.8 eV
to -4.0 eV)™ % provides an energy level cascade towards the electron collecting
electrode with a more favourable extraction into ITO (-4.7 eV) than when using ITO on
its own (see Figure 6.4)."*"'*"] A simple ITO/PCBM contact has an energy mismatch of
about 0.7 to 0.9 eV which is clearly non-ohmic leading to losses in Voc due to Voc being
dominated by the electrode workfunction rather than the effective band gap. The
formation of an ohmic-like contact at the ZnO/blend interface leads to an electrode
pinning close to the PCBM LUMO as well as a band bending effect which helps to
improve charge extraction.™”

Specific differences in J-V performance between the devices containing SP, A-ED
and B-ED interlayer based devices most likely originate from the differences in crystal
structure of the films. The XRD results suggest a significant difference in the ZnO crystal
structure for B-ED films, showing a much less distinct preferential crystal alignment than
the well expressed (002) crystal orientation for SP and A-ED (see Table 6.1). As the
workfunction of the material within a single crystal varies due to anisotropic density of
state distributions for different crystal plane vectors, it is assumed that a more favourable
overall workfunction, i.e. closer to the LUMO of the PCBM, is exposed at the
ZnO/P3HT:PCBM interface in B-ED devices compared to the preferential polar (002)
orientation in SP and A-ED interlayers. This results in an improved ohmic contact
leading to a higher Js¢ and overall device performance. It suggests that highly oriented
structures might not be the most suitable ones for efficient electron extraction at the
inorganic-organic interface. Furthermore, the FF of SP and A-ED based devices with the
preferential polar (002) orientation is reduced by almost 20 % compared to the ones
incorporating B-ED with a slight preferential orientation for non-polar surfaces, which

could suggest an anisotropic resistivity of the crystals in the film.
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In addition to the improved electron extraction characteristics associated with use
of the ZnO and TiOy layer, these TMOs also serve as efficient hole blocking layers
providing an energy barrier for hole extraction from the HOMO of the PCBM (-6.1 eV to
-6.5 eV) to the ZnO and TiOx VB (between -7.5 eV and -8.0 e¢V), as shown in Figure
6.4.2%1 This effect is also reflected in a reduced dark current under reverse bias and an
improved Voc which was seen for all devices incorporating a ZnO or TiOy interlayer

293291 The interlayer also leads to reduced current

except the SP type (see Figure 6.7¢c)..
leakage through an increased Rsy and compensates the slight increase in Rg through the
additional interlayer.”*”! A possibility to explain the anomaly of the SP interlayer could
be the presence of defect states in the bulk structure allowing hole transport through the
layer.

Further support for efficient electron extraction and hole blocking by the ZnO and
TiOy interlayers is provided by the light intensity studies shown in the inset of Figure
6.7b. The linear fit of the bi-logarithmic plot of incident light intensity, P;,., against Jsc,
results in a power-law coefficient y of 0.97 for A-ED devices, 0.99 for B-ED (140 nm and
173 nm) devices and 0.98 for TiOx devices, consistent with very low bimolecular
recombination.”*® *7 Even at high light intensities (3 suns) the J-V performance is
consistently good. The results for B-ED devices (140 nm and 173 nm) suggest that
charge extraction remains very efficient despite the thicker active layer for the optimised
device.

Similar to MoOy and WOy in regular devices, the ZnO and TiOy interlayers also
provide a more homogenous conducting layer on top of the ITO electrode bridging the
inactive or dead spots which prevent efficient charge collection.!'*!! Both contributions
are reflected in the steep increase in FF from 0.44 without ZnO to 0.66 for B-ED based
devices and reduced variation in Jsc. For the devices incorporating TiOyx and SP the FF
can be reduced by the heat treatment of the sample during or after TMO deposition up to
high temperatures of 400 °C and 450°C, respectively which can lead to ITO damage and
reduces its conductivity.

From a morphological perspective, an improvement in Jsc for ZnO based devices
would be expected with an increasing ZnO surface roughness (R, values of 12.7 nm to

23.7 nm and 27.9 nm for the SP, A-ED and B-ED samples respectively), providing a
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larger extraction interface and a more penetrating electrode into the P3HT:PCBM bulk-
heterojunction, thus reducing long distance free charge transport. However, no evidence
was found to confirm such a direct dependence of R, and Jsc for ZnO based devices. This
was further confirmed by the TiOy based devices showing a comparable Jsc despite
exposing a very smooth surface (R, = 2.3 nm). Treat ef al. reported a similar phenomenon
for nanopatterned TiOy interlayers in inverted BHJ where the patterning influence on
blend morphology and composition dominated the device behaviour over pure electrode
geometry effects.!*™

D/A phase separation is a crucial factor for efficient BHJ devices which occurs
during film deposition, film drying and annealing. Surface morphology and wettability
can have a significant impact on the phase separation of the P3HT:PCBM blend
influencing vertical (into P3HT richer and PCBM richer layers) as well as bulk phase
separation (into larger or smaller domains).® *"> %% 3% Buyllijard et al. report an increase
in Jsc by varying the surface wettability of the ZnO interlayer by employing SAMs whilst
keeping the workfunction constant using surface-directed phase separation.”’" %1 A
similar effect could be expected from different crystal phases of polar or non-polar nature
found in the different ZnO interlayers. Depending on the phase exposed it can lead to at
least local changes in phase separation. In the presented devices the more randomly
oriented ZnO film (B-ED) achieves a better performance with a Jsc and FF which is
somehow inversely proportional to the 7C of the (002) plane and could indicate a
favourable blend formation on the interface compared to polar surfaces.

For the top electrode the inverted devices are fabricated with a WOy interlayer
that enhances hole extraction towards the Al electrode. Although a workfunction
mismatch between P3HT and Al as well as an unfavourable Fermi-level alignment under
short-circuit conditions between ITO and Al in the inverted device architecture are
assumed, the introduction of the TiOy, ZnO and WOy interlayers successfully
compensates for these energy alignment problems. This highlights the important role of
the TMO sandwich which dominates the contact workfunction and establishes a suitable
built-in field to extract charges efficiently. Additionally, the use of WOy avoids the need

for expensive high workfunction metals such as Au or Pd as top metal electrodes.!'* %!
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The choice of WOy was further confirmed by the data obtained from the regular
devices employing MoOyx and WOy as a suitable hole extraction layer on the bottom
electrode. The Js¢ of the WOy and ITO reference device are higher than that of the MoOy
device due to the MoOy providing a barrier to charge extraction (Figure 6.7a). Hancox et
al. reported the importance of energy level alignment for a series of small molecules with
different HOMO energy levels leading to either enhanced or hindered charge

[124] Nevertheless, both WOx and MoOy based devices clearly show the

extraction.
advantages of a charge extracting TMO interlayer with a much higher PCE and a FF of
0.70 compared to 0.54 for the ITO reference and a much lower variation in performance.
Inverted devices further benefit from TMO layers on top of the organic material

preventing it from damage during metal electrode deposition.***!

6.3.4.3 EQE and operational stability measurements

As a complementary measurement EQFE studies carried out on the B-ED devices
revealed a very high photon-to-free-charge conversion efficiency of 74.1 % at 508 nm.
The normalised EQFE profile from 400 to 700 nm reproduces very well the shape of the
absorption spectrum of the blend (Figure 6.8a). Again, the rise to such high conversion
efficiencies can be qualitatively explained by invoking an improved charge collection
mechanism, and consequently a better charge collection efficiency, which is supported by
the measured high FF of 0.66.

Stability measurements of the B-ED (140 nm) based and ITO reference devices
over continuous 40 hour illumination at 100 mW c¢m™ under N, atmosphere are shown in
Figure 6.8c-f. Very little degradation of all key OPV parameters occurs in the B-ED
device in comparison to the reference device. The V¢ decreased by only 1.7 % for the B-
ED device and 34.4 % for the ITO reference device, the Js¢ by 8.4 % and 20.2 %, and the
FF by 8.8 % and 23.5 %, resulting in an overall decline in PCE of 19.3 % and 60.3 %
from the original performance of the two devices. For the B-ED device this degradation
occurred primarily in the first few hours of illumination. The degradation is more drastic
for the reference device showing a more continuous process with particular impact on the

VOC.
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Figure 6.8 Normalised EQF before and after 40 hour constant illumination under N, atmosphere for the
inverse OPV device fabricated a) with the B-ED interlayer and b) the reference on bare ITO. A comparison
of the normalised EQE to a thin film UV/vis electronic absorption spectrum of a) P3HT:PCBM and b)
P3HT is also shown. Plots of ¢) Jsc, d) FF, e) Voc and f) PCE as a function of illumination time during
continuous light exposure for 40 hours at 100 mW cm™ under N, atmosphere for the B-ED and ITO
reference device.

The normalised EQF in Figure 6.8a and 6.8b shows a decline in EQFE at around
600 nm for the device without ZnO, attributed to P3HT degradation. There is no
observable change in EQE profile after the same period of continuous illumination for the

device fabricated on B-ED.
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The improved device stability with the ZnO and WOy interlayers is believed to be
due to the chemically stable TMO layer sandwich protecting the polymer blend from
direct contact with either electrode, i.e. ITO and Al. It is known that fullerenes can react
with alkali metals (K3Ceo) and a similar reaction is proposed with A1.*** %! Fyrthermore,
the interface of the organic photoactive layer with low workfunction metal electrodes has
generally been identified as vulnerable point for the fabrication of OPV devices with long
operational life time.***! Direct contact of the blend to ITO is known to lead device
degradation through various processes including diffusion of oxygen and electrode
material into the active layer.%% %"}

[llumination can accelerate the oxidation process of the photoactive components
resulting in a reduced photocurrent and charge transport which also leads to a lower Voc
due to charge build-up interfering with the device built-in field. A specific mechanism is
believed to be oxygen activation with UV irradiation which is significantly reduced by

(2241 1t has to be noted

308, 309]

the ZnO interlayer with a possible impact on P3HT degradation.

that the process is not well understood and different mechanisms are proposed.!

6.3.5 Conclusions

The introduction of a ZnO or TiOy interlayer between ITO and the photoactive
polymer blend layer in inverted polymer blend BHJ OPV devices significantly improves
the device performance compared to devices based on bare ITO. Notably it provides
efficient electron extraction based on the formation of an ohmic contact at the
ITO/PCBM interface, but also has the ability to successfully block holes. Inverted BHJ
OPV devices have the advantages of favourable vertical blend phase segregation of the
deposited film with the PCBM rich phase on the bottom electrode, and the use of
inexpensive, inert metal oxide interlayers for efficient charge extraction and improved
energy level alignment at the interfaces. Optimised device structures employing a B-ED
interlayer based on electrochemically deposited ZnO with a WOy interlayer on the
opposite electrode achieved a remarkable maximum PCE of up to 4.91 %, an EQFE of 74
%, as well as good operational device stability based on the TMO sandwich structure.

Especially for ZnO interlayers, film roughness and preferred crystal orientation of the
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grains embedded in the film seem to have a great influence on the device performance.
Electrodeposition of ZnO in particular is shown to be a very promising thin film growth
technique for electrode modification providing good control over layer thickness, nano
and micro thin film morphology, as well as crystal orientation for favourable charge
extraction and surface structure modification. This deposition technique has several
important advantages over other more common ZnO and TiOy thin film growth

processes, with considerable potential for scalability to large areas.
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Chapter 7: Planar Inorganic/organic

hybrid devices

This chapter covers the development and optimisation of inorganic/organic hybrid
OPV devices with inverted architectures employing TMOs such as ZnO and TiOy as
electron acceptor material which substitutes commonly used fullerenes. Apart from the
polymeric donor P3HT, a new device concept based on small molecules such as SubPc is
successfully demonstrated proving a working hybrid A/D interface concept. The thin
films and device characterisation involves comprehensive techniques such as UV/vis,
AFM as well as J-V and EQE measurements to develop a deeper understanding of the
hybrid A/D interface. Additional studies compare TiO4/SubPc inverted hybrids to regular
SubPc/Cey devices using EQE to confirm sufficient exciton dissociation at the hybrid

interface.

7.1 Introduction

7.1.1 Background of TMO/organic hybrid OPVs

There have been developments in replacing the fullerene with TMOs such as ZnO
and TiOy as electron acceptors, with polymer donors, to develop hybrid inorganic/organic
A/D heterojunctions with the potential of improved device stability and electron mobility

17 1532} Tnorganic acceptor materials based on TMOs do not

(see also section 1.4.3).
contribute to the device photocurrent because of their transparency in the visible range.
Energy alignment problems and polymer crystallinity disorder at the A/D interface are
the main causes for the low performance, although improvements can be made by
interface engineering through insertion of SAMs between the TMO and P3HT.['>*-317]
The substitution of the polymer by different donor materials such as small

molecule organic semiconductors offers an alternative means of improving the
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performance of hybrid OPV devices. Surprisingly, there have been few reports of the use
of these types of materials in a proper A/D hybrid cell, the exception being the
demonstration of CuPc as a sensitiser in a ZnO/CuPc¢/P3HT device.”'!!

A new type of inverted planar hybrid OPV device is based on the small molecule
organic semiconductor SubPc (molecular structure see Figure 1.7d in Chapter 1) in
combination with a TiOyx acceptor layer. SubPc has been utilised successfully by a
number of groups in conventional D/A OPV cells.” '°"-3'2 It has a longer L, than P3HT,
typically a few tens of nanometres compared to <10 nm for P3HT, as well as a high
absorption coefficient and improved light harvesting at longer wavelengths. Films can be
deposited in a highly controlled way using OMBD. The molecule SubPc also provides
the basis for different substituted and functionalised derivatives where the energy levels
of the molecule can be shifted to larger HOMO and LUMO energy levels by intelligent

halogenation.!'®”’

7.1.2 Aim

The aim of this chapter is to develop inverted planar hybrid OPV devices
employing organic materials such as polymeric P3HT and small molecular SubPc as
electron donors and inorganic TMOs such as TiOx and ZnO as acceptors. The films and
devices are characterised and compared in structure, morphology and OPV device
performance using UV/vis electron absorption spectroscopy, AFM, SEM, J-V device
analysis and EQE. A particular focus of the work is on the novel TiO4/SubPc hybrid
device type, which was further optimised. The TiOx/SubPc hybrids are also compared to
regular fullerene based SubPc/Cgy devices to develop a deeper understanding of the
inverted hybrid A/D interface and differences between the two OPV device systems. In a
further step the hybrid device stability is assessed in different atmospheres under
illumination to characterise the influence of UV light exposure on the device stability.
The development of such a planar hybrid device serves as a model system to explore the
possibility of TMO based 3D open-cellular nanostructures from nanosphere templating

for hybrids as demonstrated for organic composite OPVs in Chapters 5.
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7.2 Experimental

All devices were fabricated on ITO-coated glass substrates. The titanium oxide
precursor solution based on titanium isopropoxide was prepared as described in section
2.1.3.2. The solution was spin-coated onto ITO substrates at 3000 rpm for 1 min followed
by drying at room temperature for 30 min and calcination in air at 450°C for 120 minutes.
The ZnO film was prepared by spray pyrolysis (SP) as described in Chapter 6.

P3HT was spin-coated on TMO samples from a solution of 10 mg mL™ in
dichlorobenzene at 1000 rpm. SubPc, MoOy, WOy, Cey and Al were vacuum evaporated
onto either prepared ZnO, TiOy or bare ITO substrates using an OMBD system with film
thicknesses of 14 nm to 34 nm for SubPc, 5 nm for MoO,, 10 nm for WOy, 40 nm for Cg
and approximately 100 nm for Al respectively. Al electrodes were deposited in-situ
through a shadow mask defining the active area to 0.16 cm®.

J-V measurements of OPV devices were carried out in a sealed sample holder
under nitrogen atmosphere. Operational stability measurements for extended testing times
of up to 1 hour of constant light exposure were carried out with and without an optical
filter blocking UV light, with a transmission window of about 90 % in the visible range
starting sharp at 400 nm. Further device analysis involved EQFE measurements. Thin film
analysis included UV/vis absorption spectroscopy and morphology studies performed by
AFM.

7.3 Results and discussion

7.3.1 Electronic absorption and transmission

The sol-gel process allows to fabricate very thin TiOy films of about 30 nm in
thickness which demonstrate good transparency in the visible range of the spectrum (90%
transmittance at 600 nm) as can be seen in Figure 7.1. The ZnO (SP) film of 50-70 nm in
thickness shows a similar transparency window but has a reduced transparency at 600 nm
of about 80 % which overlaps with the P3HT and the SubPc absorption spectra and could
therefore compromise the OPV photocurrent performance. With an absorption spectrum

onset at ~360 nm ZnO acts partially as a UV light filter which may protect the
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photoactive materials such as SubPc and P3HT from damage.!''® For TiO, the onset is
around 310 nm which provides a slightly larger absorption window for P3HT and SubPc

but also allows more UV light penetration.
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Figure 7.1 Transmission spectra of a ZnO film from spray pyrolysis (SP) and TiOy film from sol-gel
process deposited on ITO in comparison to the absorption spectra of a P3HT and a SubPc thin film.

7.3.2 Morphology

The AFM images in Figure 7.2 show TiOx thin films in different stages of the thin
film and device fabrication process as well as bare ITO for comparison. The R, roughness
value of the TiOy thin film increases from 1.2 nm to 2.3 nm with calcination of the film at
450 °C. The surface only shows a minor smoothening upon SubPc deposition with an R,
of 2.2 nm. The small holes in the TiOy film are defects which originate from the initial
sol spinning process as they appear already in the untreated spun film. The holes are
narrow but probably penetrate the entire film. A possible cause can be tiny gas bubbles in
the initially applied sol film. The holes increase in size with temperature treatment and
are also present in the SubPc film which follows closely the underlying TiOx film
morphology. Such pin holes can lead to a disturbed A/D interface and current leakage

due to direct contact of the organic layer to the ITO.
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Overall the low R, of 2.3 nm is an improvement over the typical roughness of
bare ITO electrodes (R, ~ 4.4 nm). The TiOy acceptor layer therefore provides a smooth
surface for subsequent deposition by OMBD of the planar SubPc donor layer or spin-
coated P3HT.
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Figure 7.2 Top view AFM images of TiO, films in different stages of the film and device fabrication
process: TiO4 a) before and b) after calcination at 450 °C, c) covered by a SubPc thin film (32 nm) and d)
bare ITO as a comparison.

As already shown in Chapter 6 the ZnO film fabricated from spray pyrolysis (SP)
is much rougher with R, values of 12.7 nm. It is most likely that such a high R, roughness
value coupled with only 28 nm of vacuum deposited SubPc would lead to a disturbed

A/D interface. This is the reason why ZnO/SubPc devices were not considered for
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fabrication in this study, but are subject to further work. Further data including SEM and
XRD of TiOx and ZnO thin films are shown and discussed in Chapter 6.

7.3.3 OPV device performance

Figure 7.3 shows schematics of both inverted hybrid and regular OPV devices
including their energy level diagram. The inverted hybrids are based on either
ITO/TMO/P3HT/WOxy (10 nm)/Al employing both TiOy in device (A) and ZnO in device
(B) as an electron acceptor or ITO/TiOy/SubPc (d nm)/MoOy (5 nm)/Al with varying
SubPc film thickness d. The SubPc based devices have film thicknesses d of 14 nm for
device (C), 20 nm for device (D), 28 nm for device (E), 30 nm for device (F), 32 nm for
device (G) and 34 nm for device (H). The control device (N) does not employ any TiOy
to emphasise the role of TMOs as efficient electron acceptors: ITO/SubPc (28 nm)/MoOy
(5 nm)/Al. The layer thicknesses of MoOy (5 nm) and WOy (10 nm) were adapted from
Chapter 6.2+ 124

P3HT hybrid  SubPc hybrid b) Al SubPc/Cg

Al BCP

MoO, Ceo

P3HT SubPc SubPc

ZnO or TiO, TiOX MoO,

ITO | 1TO ITO
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Figure 7.3 Schematic of a) inverted hybrid OPV device architectures employing P3HT and SubPc as an
electron donor as well as b) a regular fullerene based OPV device architecture with the corresponding
electronic energy level diagrams below. The dotted lines in the energy level diagrams indicate the range of
the literature values.
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The regular OPV devices follow a commonly used ITO/MoO,/SubPc (d
nm)/Ceo/BCP/Al device structure with d being 14 nm and 28 nm thick for device (O) and
(P) respectively. Devices (O) and (P) both serve as references as a comparison to
TiO4/SubPc hybrid devices in order to highlight similarities and differences of the two
different device types.

Figure 7.4 shows the J-V curves of planar inverted hybrid P3HT and SubPc
devices under illumination demonstrating the two hybrid systems which are considered
and compared in this study. The P3HT devices (A) and (B) in Figure 7.4a show a
considerable device performance difference between ZnO and TiOx based hybrids. With
a Jsc of 0.35 mA ¢cm™ and 0.91 mA cm'z, aVocof 029 Vand 043 V, a FF of 0.40 and
0.55 as well as a PCE of 0.04 % and 0.22 % for P3HT devices (A) and (B), the TiOx
based device (B) demonstrates a much better performance than the ZnO based device
(A).

Figure 7.4b shows the J-V curves of planar inverted hybrid OPV devices of device
(E) with an optimised SubPc layer thickness of 28 nm and reference device (N). With a
Jsc of 1.75 mA cm'z, Voc of 0.56 V, a FF of 0.40 and a PCE of 0.40 %, the device with
the TiOy acceptor (E) outperforms significantly the reference device (N), which only
shows a Jsc of 0.50 mA ¢cm?, a Voc of 0.44 V, a FF of 0.26 and a PCE of 0.06 %.
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Figure 7.4 J-V curves under 1 sun illumination of inverted hybrid OPV devices based on a) TMO/P3HT
devices (A) and (B) as well as b) TiO,/SubPc¢ device (E) and SubPc¢ reference device (N).
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The film thickness optimisation trends and J-V curves of SubPc are shown in
Figure 7.5. The general trend of the Jyc starts at 0.92 mA cm™ for device (C) with a
steady increase towards device (E) were it peaks with 1.75 mA cm™ followed by a steep
decrease in current performance towards 0.76 mA cm™ for device (H). The Voc reveals a
tendency to increase from 0.52 V for device (C) to 0.70 V and 0.68 V for devices (G) and
(H) with minor fluctuations in between. The FF was found to be 0.32 for device (C) with
an increase to a steady value between 0.36 to 0.40 for devices (D) to (G) and a drop to
0.25 for device (H). The same trend as found for Jsc is seen for the PCE with 0.16 % for
device (C), an increase towards device (E) with 0.40 % and steep drop towards device
(H) with a PCE of only 0.14 %. Overall a 28 nm SubPc layer as employed in device (E)
was found to be the optimum thickness which was used for any further studies. All data
of devices (A) to (H) and (N) to (P) are summarised in Table 7.1.
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Figure 7.5 a) Summary of performance parameters for devices (C) to (H), including Js¢, Vo, FF and PCE,
with varying SubPc layer thickness d. b) J-V curves under 1 sun illumination of inverted SubPc hybrid
OPV devices (ITO/TiO,/SubPc (d nm)/MoO,/Al) with different SubPc layer thicknesses d.
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Table 7.1 Summary of device performance for inverted hybrid devices including devices (A) and (B)
(ITO/TMO/P3HT/WO,/Al) employing both TiO, and ZnO, devices (C) to (H) (ITO/TiO4/SubPc (d
nm)/MoO,/Al) with varying SubPc film thickness d, SubPc reference device (N) and regular fullerene
devices (O) and (P).

Device Voc[V]  Jsc[mAcem®] FF PCE [%]
(A) ZnO (SP)/P3HT 0.29 0.35 0.40 0.04
(B) TiO,/P3HT 0.43 0.91 0.55 0.22
(C) TiO,/SubPc (14 nm) 0.52 0.92 0.32 0.16
(D) TiO,/SubPc (20 nm) 0.62 1.28 0.38 0.32
(E) TiO,/SubPc (28 nm) 0.56 1.75 0.40 0.40
(F) TiO,/SubPc (30 nm) 0.63 1.54 0.37 0.38
(G) TiO/SubPc (32 nm) 0.70 1.36 0.36 0.35
(H) TiO,/SubPc (34 nm) 0.68 0.76 0.25 0.14
(N) SubPc (28 nm) 0.44 0.50 0.26 0.06
(O) SubPc (14 nm)/Cg, 1.12 4.53 0.43 2.18
(P) SubPc (28 nm)/Cg 1.14 4.00 0.26 1.21

The difference in performance of the two P3HT based hybrid devices (A) and (B)
employing both inorganic electron acceptor materials, ZnO and TiOy, can be attributed to
different factors. In both cases a sufficient energy level offset between the LUMO of
P3HT and the CB of TiOx and ZnO of >1.1 eV at the A/D interface provides the potential
energy to overcome the exciton binding energy as can be seen in Figure 7.3 a. The energy
offset between the P3HT HOMO and the TMO CB, which to a first approximation limits
the maximum achievable Vo, is about 0.1 eV larger for the TiOy/P3HT interface and is
reflected in the collected Vpc data. The FF for device (A) is lower due to the very rough
ZnO surface where pinholes cause a lower Rgy and result in current leakage. This is also
reflected in the shape of the J-V curve of device (A) under positive bias (Figure 7.4 a).
Despite the pinholes in the TiOy layer (see AFM images in Figure 7.2) the solution
processed P3HT smoothens the defects and leads to a higher FF for device (B). One of
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the biggest differences between the two types of device is the Jsc, which is significantly
higher for TiOx based device (B) compared to device (A). Although it could be assumed
that a film with a significantly higher R, roughness value, i.e. a built-in nanostructured
interface, as in device (A) would lead to a higher Jsc compared to a very smooth interface
in device (B), the opposite was found. For polymer based hybrid OPVs energy alignment
mismatch between donor and acceptor as well as polymer crystallinity disorder at the

1331 A recent

A/D interface are believed to be the main causes for the low performance.
study revealed that the P3HT crystallinity shows chain disorder in close proximity (<6
nm) to the ZnO surface due to unfavourable surface bonding chemistry of sulphur and
zinc leading to amorphous P3HT with low PV performance.’'*! By decoupling the two
interface materials P3HT and ZnO through selective SAM insertion the problem can be
tackled, which leads to device performance improvements with a particular increase in
Jso.P1% 1t is assumed that such a specific surface phenomenon does not occur for TiOx
which can therefore provide a better interface to enable the vital P3HT crystallisation at
the A/D interface which is reflected in the higher Js¢ in this experiment.

In the TiOx based device (E) P3HT is exchanged by the small molecule SubPc.
This leads to a doubling of the PCE performance based on a significantly improved Jsc¢
compared to device (B) and demonstrates the potential of SubPc as an alternative hybrid
donor. A second comparison of device (E) to reference device (N) without TiOy (Figure
7.3 b) shows clearly the suitability of TiOx as an inorganic electron acceptor in these
hybrid cells. In fact, device (E) provides an almost seven-fold increase in performance
compared to (N), which is a simple Schottky-like SubPc reference device. This result
undoubtedly demonstrates the significant potential of SubPc as a viable small molecule
electron donor material in combination with TiOy in a hybrid OPV device. The results for
device (E) also demonstrate that TiOx/SubPc hybrids are comparable to the best
performing TMO/polymer hybrid devices, with significantly better currents than the

majority of planar and even nanostructured hybrids reported in the literature.['*- 141 >3

314]
SubPc layer thickness optimisation experiments showed that with increasing
SubPc thickness from 14 nm in device (C) to 34 nm in device (H) the Jsc peaks at 28 nm

for device (E). The trend shape of the current development with a steady increase towards
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the optimum thickness followed by a steep drop for thicker layers supports the argument
of a device limitation by Lp of SubPc for thicker layers (Figure 7.5 a). With additional
SubPc thickness from 14 nm to 28 nm the Jsc shows a nearly linear increase in Jsc which
is consistent with known estimates of Lp at the higher end of the reported range. Lp is
generally thought to be approximately 8 nm to 28 nm depending on the literature.!®” **
The trend of Js¢ is also reflected in the summarising PCE with a similar trend line. For
this type of device, a remarkable Jsc of 1.75 mA cm™ and the resulting PCE of 0.40 %
for the optimised device (E), based on the new organic small molecule donor SubPc, state
a great performance for a planar hybrid OPV device, significantly outperforming the
P3HT based hybrid device (B).

The suitability of the TiO/SubPc combination is also confirmed by the energy
levels between the LUMO of SubPc at -3.6 eV with the CB of TiOy at between -4.0 eV
and -4.3 eV, which provides an energy offset of 0.6 eV to 0.9 eV at the A/D interface.
This energy difference is high enough to overcome the exciton binding energy and leads
to efficient exciton dissociation (see Figure 7.3a). The relatively deep SubPc HOMO at -
5.6 eV compared to P3HT also results in a higher Vp¢ than for similar devices employing
P3HT as the donor, which has a higher HOMO at -5.0 eV to -5.2 eV. In addition to their
good electron mobility, TiOx and ZnO act as efficient hole blocking layers due to their
very deep valence bands which are located between ca. -7.5 eV and -8.0 eV.*”*) At the
opposite side of the device, where the Al hole collecting top electrode is located, the
MoOy interlayer acts both as a hole extractor, due to its good energy level alignment with
the SubPc HOMO, and also protects the sensitive organic SubPc layer from damage
during deposition of the Al electrode. Similarly, WOy with a 0.2 eV lower CB than MoOy
is used on top of P3HT to provide a better match to the P3HT HOMO at -5.0 eV.

7.3.4 EQE and device structure comparison

Figure 7.6 shows a comparison of the EQF spectra of device (E) with a maximum
of 20.1 % and device (N) with a maximum of 4.8 % at approximately 588 nm and also

the EQFE spectra of the two fullerene based regular OPV devices (O), employing a SubPc
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layer of 14 nm, with a maximum of 27.7 % at 584 nm and (P), employing a SubPc layer

of 28 nm, with a maximum of 19.9 % at 572 nm for OPV device type comparison.
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Figure 7.6 EQE spectra of inverted hybrid OPV device (E) and the reference device (N), as well as the
EQE of fullerene based devices (O) and (P) with a SubPc layer thickness of 14 nm and 28 nm respectively.
It also shows a comparison of the EQE to a thin film UV/vis electronic absorption spectrum of a SubPc thin
film.

The EQE of device (E) is similar to some reported values for SubPc/F¢CuPc,!''"

and matches the SubPc contribution towards the EQF of the fullerene based device (P)
with an equivalent SubPc layer thickness, but is lower than a well optimised SubPc/Cq
device (O). When compared to the reference device (N) the more than four-fold increase
in EQF and more than three-fold increase in Jsc of device (E) is high enough to
confidently discard a purely Schottky-like behaviour, indicating TiOx as an efficient
electron acceptor. Both hybrid device EQFEs match the thin film UV/vis absorption
spectrum of SubPc suggesting that the SubPc layer is the dominant contributor to the
photocurrent. The EQFE of the fullerene based devices have their maxima in the same
spectral range as the SubPc but additionally reveal a high EQE response at lower
wavelengths matching the Cg absorption, and therefore show higher current contribution.
In SubPc/Cgp both components significantly contribute to the photocurrent leading to Jsc

values of 4.53 mA cm™ and 4.00 mA cm™ for devices (O) and (P) respectively (see Table
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7.1). The D/A interface provides ideal energy offsets for exceptionally high V¢ values
above 1.1 V as can be seen in the energy level diagram in Figure 7.3b. For SubPc/Cq
devices with regular device architecture the SubPc thickness in device (O) was found to
give the highest EQE and current contribution at only 14 nm. Although (P) provides the
double SubPc layer thickness for increased absorption, the actual Jsc contribution in the
EQE is significantly reduced. This behaviour could be explained by a compromise
between absorption, Lp and film resistance assuming a relatively short Lp. However,
when compared to inverted TiOx/SubPc hybrid devices the optimum is shifted to thicker
SubPc layers generating the highest currents. A possible explanation for this different
behaviour is the fundamental change in device architecture from regular to inverted
devices which changes the cell geometry including the position of the SubPc layer with
the highest exciton density in relation to the D/A and A/D interface respectively. In a
regular SubPc/Cg device Lp has a larger influence on the device performance because the
majority of excitons is generated close to the ITO and the SubPc film thickness sets the
average travelling distance for excitons within the donor layer to the D/A interface. In a
TiOx/SubPc device the majority of excitons created by the incoming photons are
generated in close proximity to the A/D interface which makes this type of device less
dependent on Lp. Thicker layers may still contribute to the photocurrent but do not

increase the average exciton travel path for the majority of created excitons.

7.3.5 Device stability

Figures 7.7a-d show the change of key J-V characteristics during an operational
lifetime study of SubPc hybrid device (E) under continuous light exposure for 1 hour at
100 mW cm™. A summary of device performance changes under constant illumination
for device (E) in nitrogen atmosphere comparing the impact of an optical UV filter with

cut-off at 400 nm can be found in Table 7.2.
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Figure 7.7 a-d) Plots of key device characteristics as a function of time for device (E) during continuous
light exposure for 1 hour at 100 mW ¢cm™ under N, atmosphere with and without a UV filter in the incident
beam.

Table 7.2 Summary of percentage device performance changes under constant illumination at 100mW cm™
for 1 hour and 4 hours under nitrogen atmosphere comparing the impact of an optical UV filter with cut-off
at 400 nm for ITO/TiO,/SubPc device (E).

Device (E) Voc [%] Jsc [%] FF [%] PCE [%]
InN,, 1h -18.0 9.4 -8.0 31.7

In N, UV-filter, 1h -1.6 25 5.5 6.3

In N,, UV-filter, 4h -6.4 -8.8 -8.3 111
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There is a significant performance loss in Voc when exposed to the entire solar
spectrum and this results in a PCE drop of about 30 %. By using an optical UV filter the
Voc remains very stable resulting in significantly reduced PCE degradation of about 6 %,
which mainly occurs in the first 20 min. A steady performance for longer exposure times
is seen with only 11 % PCE reduction over 4 hours as shown in Table 7.2.

A possible explanation for the reduction in V¢ is a shift in the electronic energy
level offset, i.e. a lowering of the TiOx CB. Schmidt et al. found that under UV light
irradiation the workfunction of TiOx and TiO, changed due to desorption of oxygen
species, showing a shift from higher to lower work functions as much as 0.46 ¢V.P"!
This shift moves the Fermi level of TiOy closer to its CB whilst keeping the Fermi level
alignment with SubPc. This results in a deeper TiOx CB in comparison to the SubPc
HOMO and therefore leads to a reduction of the V¢, which is determined by the donor
HOMO-acceptor CB energy gap. This workfunction change is successfully prevented by
the UV filter. The FF and Jsc are only slightly affected by the degradation which is most
likely due to donor oxidation. TiO; is known to photogenerate superoxide radical anions
from bound oxygen which can oxidise the organic material.”'® 3" The UV filter also
protects the device from this effect and justifies the trade-off for a slightly compensated
photocurrent.

To compare, Hancox et al. studied the operational stability of regular SubPc/Ce
devices with and without a MoOy interlayer which showed a reduction in PCE of 10 %,
with stable Voc, and 50 % respectively after one hour of constant illumination under
No.'2 For these tests no UV filter was applied. EQE studies showed that MoOy
prevented the SubPc donor from degradation but showed little effect on the prevention of
Ceo degradation. The stability improvement in both cases, for the regular
MoO,/SubPc/Cg device as well as the hybrid TiO,/SubPc/MoOy device, is likely to arise
from the TMO interlayer which decouples the organic layer from the ITO blocking off
oxygen and electrode material diffusion into the active layer.***?*! The oxidation of the
photoactive components can be accelerated by illumination and ultimately leads to a
reduced photocurrent, and charge transport reduction resulting in a lower Voc.?*!
However, photo-oxidation of Cgy occurs regardless of the presence of protecting

interlayer which is accounted for in hybrid devices. Moreover, the hybrid cells are
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equipped with a very stable TMO sandwich creating a good encapsulation around the
photoactive layer which leads to a slightly improved stability over SubPc/Cey devices
with MoOy and a remarkable enhancement in stability over SubPc/Cqgy devices without

MoOx.

7.4 Conclusion

It has been demonstrated that the small molecule organic semiconductor, SubPc,
is a good donor material for hybrid OPV devices fabricated with a TiOy electron
acceptor. The new hybrid compatible electron donor material significantly exceeds the
device performance of the fabricated P3HT based hybrids in this work.

The low device performance of TMO/P3HT based hybrid OPVs can partly be
explained by energy alignment problems between donor and acceptor. More importantly,
polymer disorder at the A/D interface could be the main cause for the low performance.

For an optimised SubPc (28 nm) device a remarkable Jsc of 1.75 mA cm? and a
PCE of 0.40 % was achieved, placing the TiOx/SubPc system in direct competition with
state-of-the-art TMO/polymer planar and nanostructured hybrid devices. When
comparing to a SubPc reference device without TiOy the generated current drops to a Js¢
of only 0.50 mA cm™ which highlights the role of the TMO as an efficient electron
acceptor material. Moreover, SubPc is a good hybrid electron donor because it has a
relatively long Lp and good light absorption properties and posses well controllable
processability by vacuum deposition. Due to its energy level structure a sufficiently high
energy band gap is provided at the TiO,/SubPc A/D heterojunction for efficient exciton
dissociation which does not compromise the high Voc given due to the deeper lying
SubPc HOMO. Operational stability studies show a good stability for TiO./SubPc
devices in N, when an optical UV filter is applied which prevents mainly the V¢ from
degradation due to workfunction changes of TiOx upon UV exposure.

The comparison of TiOx/SubPc inverted hybrids to regular SubPc/Cg devices
with focus on the EQE analysis show a similar EQF of SubPc in both device types which
confirms sufficient exciton dissociation at the A/D hybrid interface and charge

generation. This clearly shows the potential of this new small molecule based hybrid

181



Chapter 7: Planar inorganic/organic hybrid devices

interface. However, it becomes clear that the TMOs do not contribute to the photocurrent
where Cg provides a significant part which explains the much higher Js¢ and PCE for
regular SubPc/Cgp devices. In order to increase the Jsc and consequently the PCE of
TMO hybrids further optimisation efforts need to be in nanostructured hybrid interfaces
to provide larger interfaces without compromising either exciton diffusion or charge
transport, which could be achieved by nanosphere templating as demonstrated in Chapter
5.

The TiO4/SubPc devices also suggest that the use of small molecule organic
semiconductors with high quality TMO films represents a good opportunity to produce
new types of hybrid OPV cells with the promise of reproducible, large area processing

and low cost manufacture.

182



Chapter 8: Conclusions and further work

Chapter 8: Conclusions and further work

8.1 Conclusions

In OPV devices different interfaces have a crucial influence on the device
behaviour, including the D/A and electrode/photoactive layer interfaces. These interfaces
can be modified and controlled by structural engineering and selective material choice.

By developing and applying controlled nanoengineering methods the interface
structure can be shaped and optimised. Furthermore, a deeper understanding of a
structure/function relationship can help to improve the methods to achieve a higher
device performance. The main approaches to interface structuring and modification, as

well as alternative choices of materials in this thesis can be split into three sections:

e D/A interface nanostructuring for enhanced exciton diffusion without
compromising absorption or charge collection.

e Electrode contact interface modification by inserting TMO interlayers for
enhanced charge extraction through energy level tuning and
structure/morphology optimisation.

e Hybrid OPVs employing TMOs as an alternative to fullerene based
acceptor materials, which combine advantages from both organic and

inorganic material classes.

8.1.1 Nanosphere synthesis

Nanospheres free of surfactants and of small radius in the range of the Lp of
appropriate organic semiconductors are needed for nanosphere templating. Using radical
initiated surfactant-free emulsion polymerisation, PS nanospheres with small, i.e. <100
nm sphere diameter and good monodispersity (PDI < 0.05) were synthesised. The

synthesis was first carried out in a round-bottom flask to screen size and polydispersity
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controlling parameters. Due to better temperature and stirring control it was shifted to a
reactor for later experiments.

In round-bottom flask based reactions concentrations of styrene and both types of
initiator, anionic KPS and cationic AMPAD, were varied leading to monodisperse
particles of between 80 nm to 120 nm in diameter, suitable for nanosphere templating. By
using O, quenching of the reaction far below full conversion, the particle diameter was
reduced to 54 nm, but suffers from very low solid particle content.

In a second set of experiments in the reactor a cationic system was studied using
the NaSS co-monomer concentration as a size control. With increasing NaSS
concentration the PDI increased and the particle diameter decreased showing the
expected opposite trend. Monodisperse latexes from 550 nm to about 90 nm in particle
diameter suitable for templating were obtained from NaSS concentrations of <1.25 % of
the monomer weight. Particles as small as 53 nm but with much larger size distribution
were achieved from NaSS concentrations between 1.5-2.0 % showing clearly the limit of

this approach for monodisperse particles.

8.1.2 Planar heterojunction devices

Planar heterojunction OPV devices employing Cgp and small molecule TSCuPc
and polymeric PTEBS electron donors processable from aqueous solution have been
fabricated and characterised. TSCuPc demonstrates PCEs of up to 0.32 % and a V¢ of
almost 0.6 V compared to 0.46 V for regular CuPc. The TSCuPc layer thickness was
optimised to 8 nm. The improved V¢ and solubility in water arises from the sulfonic acid
group substituents which have a significant influence on film formation and OPV device
behaviour. EQF measurements showed almost no current contribution from TSCuPc,
instead only providing a favourable heterojunction for exciton dissociation from the
acceptor. Furthermore, an assumed short Lp of <10 nm, charge transport imbalance,
increased Rs for thicker layers and a grainy film surface morphology limit the device
performance of TSCuPc based OPV cells.

Optimised PTEBS based devices reached PCEs of 0.90 %. Similar to TSCuPc,
the side chains of PTEBS are modified with a charged functional group, which impacts
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the polymer film formation and chain alignment. PTEBS shows only little contribution to
the photocurrent leaving it in a similar position as TSCuPc. Optimised PTEBS devices
reach the highest performance with very thin films <5 nm, which suggests a limitation
due to a short Lp <10 nm but also a limited charge carrier mobility causing a charge
transport imbalance within the device.

Thin film characterisation combined with J-V analysis allows to develop a deeper
understanding of the relation between thin film morphology, material characteristics and
the impact on OPV device behaviour which is employed for further interpretation of the
3D interpenetrating nanostructured D-A composite thin films and devices based on

TSCuPc and PTEBS.

8.1.3 3D interdigitated organic D-A composite structures and OPV

devices

The fabrication of controlled 3D ordered highly interpenetrating organic D-A
composite OPV devices with sub-100 nm features is a multistep process: direct co-
deposition of PS templates and appropriate donor material, template removal, acceptor
material infiltration and completion of the full device.

The developed co-deposition is based on convective self-assembly followed by
selective template removal using hot solvent vapour treatment. The method proves to be
very promising for the fabrication of 3D open-cellular highly interconnected thin films of
tunable sub-100 nm pore size. Nanospheres with diameters between 35-96 nm were
employed to template both donor materials, small molecule based TSCuPc and polymeric
PTEBS. 3D open-cellular TSCuPc films showed larger cracks dividing the film into
distinct domains. PTEBS based films presented very low and localised crack defects
providing a much better film structure for composite device fabrication. With films
templated from nanospheres as small as 35 nm, porous structures with low template
packing order were produced with only limited use for device fabrication. D-A composite
films from open-cellular structure infiltration was achieved from different infiltration
methods, with PCBM solution drop-casting followed by controlled drying being the most
successful one. TSCuPc-PCBM and PTEBS-PCBM composite films were implemented

185



Chapter 8: Conclusions and further work

in complete OPV devices and tested under 1 sun illumination. TSCuPc based devices
showed a very low device performance due to the large crack defects. PTEBS-PCBM
composite devices from 96 nm and 78 nm templates achieved a PCE of 0.11 % and 0.08
% respectively which are comparable with a solution processed reference device. The
consistent Voc and FF indicate an in-tact composite D-A structure. The expected Jsc¢
improvement over the planar reference due to enhanced exciton diffusion efficiency was
not found. A likely explanation for this behaviour is the presence of photocurrent inactive
film domains caused by remaining interface contaminating residues, film defects as well
as variations in film quality and thickness. It is further assumed that the complexity and
conditions of such a multistep fabrication process greatly compromise the advantages of
the nanoengineered large active area interpenetrating composite devices. Overall, the
fabrication method shows a new approach towards 3D interdigitated organic D-A
composite OPV devices and presents a model system towards a proof of concept which

has to our knowledge not been reported in the literature.

8.1.4 Transition metal oxide (TMO) interlayers

A substantial increase in device performance in solution processed inverted BHJ
OPV devices is demonstrated by introducing a ZnO or TiOy interlayer between the
electron collecting bottom electrode and the photoactive blend of P3HT and PCBM. The
structure and morphology of the dense, planar ZnO layers was controlled either by
electrodeposition or spray pyrolysis techniques. The TiOx thin films were sol-gel
processed resulting in thin and very smooth interlayers. Metal oxide sandwich OPV
devices based on the photoactive blend on an electrodeposited ZnO interlayer with a non-
polar (100) preferential crystal orientation, and using a WOy interlayer on the opposite
electrode, resulted in a remarkable increase in PCE with a value of 4.91 % under AM1.5
illumination and a maximum EQE of 74 % at 508 nm. The devices reported set a new
benchmark in performance for inverted architectures which are comparable to those

achieved by regular devices.

186



Chapter 8: Conclusions and further work

Optimised devices employing TiOy achieved a PCE of up to 3.21 % with a lower
FF and Js¢ compared to ZnO based B-ED but still much improved performance
compared to an ITO based inverted reference device.

Electrodeposition of the ZnO at low temperature proved to be the most promising
method for forming the ZnO interlayers, allowing the highest control of film structure
and morphology, as well as leading to significantly improved device efficiency and

stability.

8.1.5 Planar inorganic/organic hybrid devices

The small molecule organic semiconductor SubPc is a promising candidate as a
donor material for the fabrication of inverted planar hybrid OPV devices using a TMO
such as TiOy as the electron acceptor material to substitute fullerenes. The TiO/SubPc
cells demonstrate performance characteristics comparable to the best-reported planar and
nanostructured TMO/polymer hybrid cells and outperform TMO/P3HT based hybrid
devices presented in this work. For an optimised planar hybrid device a relatively high
Jsc of 1.75 mA ¢m™ and a maximum EQE of 20 % leads to a PCE of 0.40 % under
AML.S solar illumination. The more than four-fold increase in the EQFE and more than
three-fold increase in Jsc of the TiOx/SubPc(28 nm) device compared to that of the SubPc
reference without TiOx acceptor further confirms the difference between the hybrid cell
with a working A/D heterojunction and the Schottky-like reference cell with an
ineffective exciton dissociation process.

The comparison of TiO4/SubPc inverted hybrids to regular SubPc/Cgy devices
shows a similar EQE of SubPc in both device types which confirms sufficient exciton
dissociation at the A/D hybrid interface and charge generation. This clearly shows the
potential of this new small molecule based hybrid interface. In addition, the effect of UV
irradiation on the stability of the TiOy/SubPc cells is also demonstrated showing a clear

improvement in stability when a UV filter is applied.
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8.2 Further work

The presented multistep fabrication process for 3D interdigitated organic D-A
composite structures led to the first successful devices of its kind. However, there is
scope of improvement in the fabrication process including nanosphere synthesis,
convective self-assembly, sphere removal process and second infiltration step. Although
templating from 96 nm and 78 nm diameter spheres, with the radius in good range of Lp
of fullerenes, was already achieved, the total device thickness approaches a few hundred
nanometres for <10 layers. The use of even smaller particles would allow much thinner
composite cells with an increased surface area and smaller features for more efficient
exciton dissociation, but also requires the synthesis of such small particles.

Surfactant-free emulsion polymerisation of PS nanospheres already allowed the
synthesis of monodisperse particles of about 80 nm in diameter with high solid content at
full conversion. A possible way of synthesising even smaller spheres using styrene and
NaSS co-monomer without surfactants is a continuous monomer feed to maintain good
monodispersity.'”* Furthermore, centrifugation could be employed for latexes to narrow
the size distribution improving the monodispersity.

Although convective self-assembly allows co-deposition of spheres and filling
donor material the change in concentration during the deposition process greatly affects
the uniformity and controllability of the composite film thickness. Alternative co-
deposition techniques could involve methods such as spin-coating although highly
ordered domains might be hard to achieve.

A change of donor materials away from water-soluble PTEBS and TSCuPc is
difficult because it would ask for a complete change of solvent and therefore D/A
material system as well as a different template material. Other considerations would
involve templating from non-sacrificial spheres or particles such as polythiophene
spheres or inorganic semiconductor TMO nanospheres. Furthermore, the method of
template-assisted nanostructuring is greatly applicable to sol-gel processed inorganic
semiconducting materials such as ZnO and TiOy to fabricate 3D open-cellular thin films

with great application in hybrid OPVs following the same concept.
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In order to further confirm the interpenetrating D-A composite structure “pseudo
tomography” employing FIB/SEM could be very helpful to get a better understanding of
the bulk structure and grade of internal domain network of composite structures
templated from sub-100 nm sphere templates as it has been done for large spheres >200
nm.”"! Due to the size of the features and the low contrast difference between the two
organic compounds a high-resolution FEG-SEM coupled with a FIB would be required in

order to carry out such a task.

In order to gain more details and further understanding of the energy level
alignment of the TMO interlayer contacts, ultraviolet photoelectron spectroscopy (UPS)
and X-Ray photoelectron spectroscopy (XPS) would allow to determine the exact VB and
Fermi level positions as well as the CBs from the band gaps with estimations of the
doping levels for the different types of ZnO and TiOy. The measurement of these thin
film characteristics could help to further distinguish between the films with different
preferential crystal orientation and would allow to tailor the layer fabrication from
electrodeposition towards even closer contact alignment.

In further experiments the TMO interlayers could be tested with other types of
polymers and fullerene derivatives of matching LUMOs to achieve an even higher PCE
as P3HT:PCBM was selected purely as a well understood model system which is

reaching its limit at about 5 % for optimised regular devices.!*"!

With the introduction of SubPc as an example of a small molecule donor material
for A/D hybrid OPVs many potential materials with similar HOMO and LUMO energy
levels, longer Lp and good absorption behaviour could be used, including other
phthalocyanines and SubPc derivatives in particular. Furthermore, solution processing of
SubPc or more soluble derivatives could be very promising to achieve an even higher Jsc¢
when processed as a blend with TMO nanoparticles or as a filling material of the

suggested TMO 3D open-cellular nanostructures.!">”!
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