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Abstract

Replacing energy intensive evaporated materials with solution processed alternatives is key to
allowing OPVs to be fabricated using processes such as roll-to-roll (R2R) fabrication.
However, roll-to-roll fabrication is primarily an ambient processing method, and as such the
materials used need to be stable in the presence of oxygen and moisture. The effects of
ambient oxygen and moisture on materials utilised in OPV devices are well documented, and
in almost all cases are detrimental to device performance. Therefore, identifying materials and

techniques that address these difficulties are essential.

In this thesis, using a combination of spectroscopic techniques and device characterisation, it
is shown that applying optimised thermal treatments can reduce the uptake of moisture in
molybdenum oxide hole transport layers, and reduce the resulting negative effects on device
performance. The air stability, and therefore suitability for R2R fabrication, of several
polymers are investigated. PFDT2BT-8 was identified as the most stable, and was utilised to
fabricate OPV devices from solution in air using a variety of materials with efficiencies > 5%.
In addition, the development of lifetime testing techniques, both in a laboratory and outdoor
setting, evidencing operating lifetimes of > 7 years for devices utilising ambient solution

processed materials.

In conclusion, this thesis describes the development of materials and techniques to allow for
the fabrication of organic photovoltaic (OPV) devices from solution under ambient

conditions, having high efficiencies and long operating lifetimes.
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Chapter 1 : Introduction

In 2013, the total power consumption of the world's population rose to 17.4 TW [1], an
increase of 2.3% on 2012. At the current rate of growth, by 2030 global energy production
will need to exceed 24 TW. However, as the world's population continues to grow and more
countries become industrialised, the energy needs of the world's population will, in all
likelihood, far exceed this figure. Currently, 87% of the world's energy is produced from
burning fossil fuels (including coal, gas and oil), 4% from nuclear fuels, and only 9% from
renewable sources (including hydroelectric and other technologies) [1]. There is great impetus
for change in the way energy is generated due to the increased awareness of the effects of
global warming and humanity's influence on the climate. Several meetings of the world's most
powerful leaders have produced guidelines and protocols to curb the generation of greenhouse
gasses through investment into renewable energy sources and reducing our reliance on fossil
fuels, though their success is yet to be proved. Unfortunately, excluding hydroelectricity,
other renewable energy technologies only accounted for 2.2% of global energy production, a
small increase of 0.3% from 2012. Growth in this sector has been hampered by challenges
posed by the technologies themselves and by reduced governmental investment due to global
recession. However, an optimistic report predicted that it could be possible to generate all our
energy needs using only renewable sources such as wind, wave and solar by 2050 if the social

and political barriers to implementation are overcome [2].

The Sun is a phenomenal source of energy, with the surface of Earth irradiated with ~ 100
petajoules (10" W) of energy every second [3], roughly 6000 times the current world

consumption. This abundance of energy can be harvested through the use of photovoltaic
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panels that convert the incident light into electricity via the photoelectric effect. The solar
spectrum incident on the Earth's atmosphere and the surface is shown in Figure 1.1, and are
known as AMO and AM1.5 respectively. The difference in the spectra arise from adjustments
due to absorption in the atmosphere and to account for scattering. AM, which stands for air
mass, accounts for the depth of atmosphere the light passes through, with 1 being one
atmosphere depth. Many industrialised nations are located in temperate latitudes and so the
sun is not directly overhead. Therefore the AM1.5 spectrum was calculated for
standardisation purposes based on an analysis of solar irradiance data [4]. All standardised

testing of photovoltaic devices is carried out under AM1.5 spectra at 1000 Wm™ [4].
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Figure 1.1 Solar spectrum incident on the Earth above the atmosphere (AMO0) and on the

surface at temperate latitudes (AM1.5). [4]
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The majority of photovoltaic (PV) panels available today are based on silicon, a technology
that has been in development for > 60 years. The efficiency of silicon PV has increased from
10% in 1955 [5] to around 25% for modern, single crystal silicon panels [6]. These high
efficiencies are due to silicon's low bandgap of 1.1 eV, allowing for efficient absorption of the
solar spectrum in the 400 - 800 nm region, and the material's excellent charge generation
properties. However, crystalline silicon, like many inorganic semiconductors, has an indirect
bandgap that necessitates thick active layers, which increases the cost of manufacture

significantly.

There are many alternative material systems for photovoltaic devices, including other
inorganic materials such as gallium arsenide (GaAs), indium phosphide (InP), cadmium
telluride (CdTe) and various other combinations of IlI-V elements, with maximum
efficiencies of 39.3% for a GalnP,/GaAs/Ge multijunction cell [7]. However, the market for
solar panels is dominated by silicon, with a > 90% share [8]. The other, more efficient and far
more expensive inorganic PV technologies are reserved for specialist applications including

spacecraft and satellites.

Due to the negligible running costs of solar panels during their lifetime, the only feasible way
of reducing the costs to the end user, and therefore making them more attractive to both
businesses and private users, is to reduce the cost of manufacture or increase operating
efficiency. Unfortunately, increases in device efficiency usually mean increasing the costs,
due to the necessity of using more expensive materials or more complex device architectures,
such as tandem cells and concentrators. Therefore, reducing the costs of PV requires the use

of cheap materials and manufacturing processes.
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Another type of PV technology that addresses many of the issues with inorganic PV are
organic photovoltaic devices (OPVs). These promise thin, flexible, and lightweight devices
that overcome the cost of inorganic PV by being primarily composed of carbon based
compounds. These compounds can be deposited from solution, allowing for use of cheap
manufacturing processes, such as spray coating and roll-to-roll processing, to produce large
area devices extremely rapidly. Unlike many forms of inorganic PV, which need to be
fabricated onto ultra-pure crystalline substrates, OPVs can be fabricated onto amorphous
substrate materials such as glass and flexible plastics such as PET [9], [10]. This not only

lowers the costs of manufacture, but also the embodied energy cost of the devices themselves.

However, there are several challenges inherent in OPV technology that will need to be
overcome before commercialization is possible. The optimal active layer thickness of the
device if often between 50 - 100 nm due to the semiconducting materials used having high
absorption co-efficients and poor charge mobility. This poses a challenge in device
manufacture as dust or other impurities present during device fabrication can lead to short
circuits and other defects. The charges generated on photoexcitation are strongly bound by
coulombic attraction as excitons, which leads to large binding energies and was long thought
to limit the potential maximum efficiency of OPVs to around 15% [11], though this has been
recently revised upwards to 20 - 24% [12]. Also, the stability of OPV devices is still limited
due to the oxygen and moisture sensitivity of the materials used, which requires high grade
encapsulation with very low moisture and oxygen ingress rates [13]. Large scale production
of OPVs is still in its infancy, but promising first steps have been made, albeit with devices of
< 4% efficiency [14], [15]. Finally, the ubiquitous use of indium tin oxide (ITO) as the anode
material, although also common in flat panel TVs, smart phones and other electronic devices,
is also problematic due to the scarcity of indium. The current aim of the OPV community is to

attain device efficiencies of 10% and operating lifetimes of 10 years, though economic
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assessments have shown that the technology could be competitive with silicon PV with
efficiencies of only 7% and 5 years lifetime [16]. Though these goals have not yet been met,

promising steps have been made towards both targets [17], [18].

1.1 Thesis Summary and Motivation

This work will investigate the materials and processes needed to manufacture OPVs from
solution in an ambient atmosphere, with the aim of producing fully solution processed devices
with long operating lifetimes. One of the aims of the OPV field is to develop methods and
materials that allow for the production of high efficiency and stable devices using commercial
deposition techniques, such as roll-to-roll printing and spray coating. Two of the requirements
for these processes are that the materials can be deposited from solution in air. To this end, a
variety of active layer and interlayer materials are studied, various processes developed that
allow for ambient processing with little loss in efficiency, and lifetime tests are carried out

using custom built systems. The structure of the thesis is as follows:

Chapter 2 gives an overview of the background theory of organic semiconductors and
interface materials and their use in OPVs. The experimental techniques utilised in the
fabrication and characterisation of OPV devices is covered in Chapter 3, as is the setup and

calibration of the OPV lifetime testing systems.

Chapter 4 describes the optimisation of OPV devices utilising a molybdenum oxide (MoOy)
hole transport layer, and covers the techniques developed for reducing the negative effects of
air exposure on MoOy films. Ellipsometry was used to measure the adsorption of water into

MoOy films, and the effects of this adsorbed water were studied using OPV device
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characterisation. The results show that thermally annealing MoOy films before exposure to air
compacts the films and reduces the hygroscopicity by a significant degree, reducing the
uptake of water into the films and decreasing the negative effects of air exposure on OPV

device performance [19].

Chapter 5 addresses the effects on OPV device lifetime of changing the hole transport layer
(HTL) material. Three material systems were studied; thermally evaporated MoOy,
PEDOT:PSS and solution processed vanadium oxide (V20y). Lifetime tests conforming to
ISOS-L-1 specifications [20] were carried out for > 600 hours, and extrapolated device
lifetimes in excess of 7 years were calculated for PEDOT:PSS based devices. Several
techniques, including laser beam induced current mapping (LBIC), electro luminescent
mapping (ELM), external quantum efficiency (EQE) and device characterisation were used to
investigate the effects of HTL material on the device lifetime and the formation of defects in

the devices.

Chapter 6 looks into the effects of processing five different polymers in air compared to
processing in a moisture and oxygen free environment. Four polymers similar to PCDTBT,
synthesised by the Department of Chemistry at The University of Sheffield, and the high
efficiency polymer PTB7 (1-Material) were studied using a standard device architecture with
a PEDOT:PSS HTL. The effects of processing polymers onto PEDOT:PSS in air were
studied, and the subsequent enhancement of V.. investigated. Of the polymers studied,
PFDT2BT-8 showed the least degradation of FF and Ji when processed in air, and the
resulting air processed OPV devices had a power conversion efficiency that exceeded 6.10%.

[21]
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Chapter 7 presents the preliminary results from a lifetime study of devices utilizing a
PEDOT:PSS HTL and an PFDT2BT-8:PC;,BM active layer in an outdoor lifetime testing
system closely modelled on the ISOS-O-2 outdoor test, with data collected from August to
December 2014. The effects of daily fluctuations in light intensity on JV characteristics were
observed. It was shown that FF and V. are largely independent of light intensity, yet Jsc is
extremely dependent on light intensity. Tgo lifetimes of ~ 2500 hours were calculated,
however, it was established that more data recorded over a longer period was required to

remove JV measurement bias introduced by seasonal variation in temperature.

Chapter 8 is the final experimental chapter and presents a study of a solution processed OPV
devices that utilise a PEDOT:PSS HTL, a PFDT2BT-8:PC;BM active layer and a TiOy
electron transport layer (ETL). The effects on device performance of processing the active
layer and ETL of the devices in a nitrogen filled glovebox or in air were studied. It was found
that processing the active layer in air resulted in minor losses in FF, commensurate with
previous findings, while processing the TiOx ETL in air resulted in a more opaque film that
resulted in Js. losses. Devices that were processed in the nitrogen filled glovebox had high
initial PCEs of (6.0+0.2)%, whilst those processed in air had a reduced initial efficiency of

(5.320.1)%.

The conclusions of this thesis are presented in Chapter 9. The main findings discussed are
the fact that when utilising a PCDTBT based polymer system, PEDOT:PSS is the most stable
HTL and can result in device lifetimes in excess of 7 years. Of the polymers studied,
PFDT2BT-8 gives the highest power conversion efficiencies and is the most stable when
processing in air. Finally, devices with solution processed active layers and interlayers can be
fabricated in air with efficiencies in excess of 5%, which would be compatible with roll-to-

roll processing techniques, an important step for scale up and commercialisation.
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Chapter 2 : Background Theory

2.0 Introduction

In this chapter, the background theory behind the operation of OPV devices is covered,
including the physical and electrical properties of organic semiconductors, focusing on
conjugated polymers in particular. The discussion includes atomic orbitals and hybridization,
as these fundamentals are key to understanding the electronic structure and semiconducting
properties in these materials. The photophysics of conjugated polymers are then discussed, as
are the formation of the HOMO and LUMO energy bands and charge generation,
transportation and charge carrier interactions. OPV device architecture, both standard and
inverted, is covered, as are the details of device characterization. The theories behind interface
materials and the interactions at the interfaces found in OPV devices are reported, including a
list of materials utilised in OPV devices in this thesis. Finally, the mechanisms of OPV
degradation and lifetime are studied, along with the effects of ambient processing on OPV

performance.
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2.1 Atomic and Molecular Orbitals

Electrons present in an atom are said to be bound to the nucleus in orbitals, whose properties
are determined by the uncertainty principle of quantum mechanics [1]. Therefore, unlike
classical orbits of physical bodies, the orbits of electrons are clouds of probable occupation.
The shape and properties of which are determined by the values of four quantum number.
These are: n, the principle quantum number, the potential energy of the electron; I, the
magnitude of the angular momentum of the electron; mj, the direction of the angular
momentum; and mg, the spin direction of the electron [2]. The four quantum numbers that
describe the orbits of electrons have integer values, except for ms, the spin quantum number,
which has a value of £1/2. These numbers can be calculated using a set of inequalities

outlined below.

These inequalities can be used to calculate the values of the quantum numbers of any given
orbital, and defines its shape as well as how many electrons it contains. Table 2.1 shows the
values of the four quantum numbers for the first three orbitals in an atom. The first atomic
orbital is known as the 1s shell and can be occupied by two electrons, one for each value of
the spin quantum number ms. S orbitals are characterised by values of | = 0 and subsequent
shells, 2s, 3s, 4s etc all contain two electrons. Orbitals whose value of | = 1 are known as P
orbitals, and are split into three types determined by their value of mj, 2py, 2py, 2p,. Each sub-
type of p orbital also contains two electrons, one for each value of the spin quantum number

ms. Each sub-type of p orbital is oriented along an orthogonal axis, hence the x, y and z
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subscripts. The shape and orientation of the 2s and 2p orbitals are shown in Figure 2.1.
Orbitals with larger values of I, such as D orbitals whose value of | = 2, are important in
determining the electronic characteristics of metal oxides and are split into five sub-types
determined by their value of m,. For even larger values of | other orbitals exist, including the f
orbitals, which are generally not present within organic materials, though are also of

importance in metal oxides.

. Total
n | m; ms CI)\IrbltaI Number Of
ame
Electrons
+1/2
1 0 0 1/ 1s 2
+1/2
0 0 1/ 2s 2
+1/2
, ! “112 2Px
+1/2
1 0 1 2py 6
+1/2
1 172 2p;
+1/2
0 0 17 3s 2
+1/2
! 172 3Px
+1/2
1 0 1/ 3py 6
+1/2
1 172 3p.
+1/2
3 -2 -1/2 20y
+1/2
'1 _ 1/2 2dXZ
+1/2
2 0 1/ 2d;* 10
+1/2
! -1/2 20z
+1/2 ) )
2 -1/2 20"y

Table 2.1 Values of the quantum numbers, orbital names and total number of electrons for a

given electron orbital. Only the orbitals for the first three values of n are shown.
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(a) (b)

z
A

Figure 2.1 Shape and orientation of the (a) 2s and (b) 2p orbitals surrounding an atomic

nucleus.

2.2 Orbital Hybridization

When two atoms are brought into close enough proximity, covalent bonds can be formed.
This occurs when the electron orbitals of the two atoms overlap and form molecular orbitals,
which are the combination of the overlapping original electron orbitals. For example, in
hydrogen atoms, which consist of a single proton surrounded by a single electron in the 1s
shell, covalent bonding occurs between two hydrogen atoms to form a diatomic hydrogen
molecule, H,. The orbitals that are formed as a result of this bonding are known as ‘bonding

orbitals' and are shown in Figure 2.2.
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Figure 2.2 Structure and energy levels of bonding and anti-bonding orbitals for a simple two

atom system.

Bonding orbitals consist of an electron cloud located between the two atoms that are
covalently bonded. The energy of this bonding orbital is lower than the individual energies of
the unbound electrons, as shown in Figure 2.2, due to the increased electron density between
the atoms, which shields the repulsive force between the two nuclei, resulting in a more
tightly bound molecule [3]. Anti-bonding orbitals are at a higher energy state than bonding
orbitals, as electrons in this configuration do not occupy the space in between the atomic
nuclei, which reduces the shielding strength of the electron cloud in between the two nuclei

and results in a less stable molecule [3].

Carbon, which forms the backbone of organic semiconducting polymers, has 6 electrons with
an electronic ground state of 1s°2s°2p,'2p,’, which results in an atom with four valence
electrons that can form covalent bonds. The 1s orbital does not take part in any bonding and
so will be omitted from future discussion for simplicity. In atomic carbon the 2s orbital is
filled and so, according to the Pauli exclusion principle, these electrons cannot take part in
covalent bonding. However, when carbon bonds with other atoms, a process called orbit
hybridization takes place that allows for these electrons to take part in bonding. During orbit
hybridization, one of the electrons from the 2s shell is promoted to the previously empty 2p,

shell, resulting in a 2s'2p,'2p,'2p," electronic structure with four unpaired electrons. From
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here the s and p orbitals undergo hybridization. There are three kinds of hybridization; sp*, sp?
and sp®. During sp? hybridization, the 2s and two of the three 2p orbitals form three new sp?
hybrid orbitals as shown in Figure 2.3 (a, c), while conserving the energy of the system

Figure 2.3 (b, d).

(a) A2, ®
2 | § 4‘ —1— —f—
N [ 2p, 2p, 2p,
A ~
!\ ) + 2
\ ~// gg 4
m
J‘ 2s
. -
Y
i
(c) 2p, p (d) N
| = 4
L4 o+ + + >
---------- #+  CEGRREEEEEEEETTE 25 >~‘ \_—YZ_—J
a &0 sp
Sp~ s
. S | srmmennsesnmens
2 sp? 84 (2s)

Figure 2.3 Hybridization of 1s and 2p bonds (a) to form sp® hybrid bonds (c). Energy levels

of the bonds pre and post hybridization are shown in (b) and (d) respectively.

Bonding between two sp® hybridised carbon atoms can occur in one of two ways; sigma
bonding (o) occurs when two sp? orbitals form a covalent bond, and pi bonding (x) occurs
when the remaining unhybridised 2p, orbitals overlap and form a much weaker bond that
exists in a plane parallel to the o bond. Carbon atoms that have only formed a ¢ bond are said
to have formed a C-C single bond, as shown in Figure 2.4 (a), and those that also form =
bonds in addition to the ¢ bond are said to have formed a C=C double bond as shown in

Figure 2.4 (b). n bonds have a higher energy than ¢ bonds and sp? orbitals, as can be seen
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from Figure 2.4 (d), and play an important role in the semiconducting properties of

conjugated polymers, as discussed later.

(a) A (b) i i
.
- X

© (d)
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; pz : ‘.'-,_ pZ g 2p z .»'.,.". I ."'."’. 2p7
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20 sp? sp? 20 sprt T sp?
O § o E /
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s L 8 a) vF
o 0)

Figure 2.4 C-C single bond structure (a) and energy levels (c) and C=C double bond structure

(b) and energy levels (d).
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2.3 Conjugation

Carbon-carbon chains form the backbone of many polymers, and a polymer is said to be
conjugated when there are alternating single and double bonds along a carbon chain. A
common example of an alternating single-double carbon bond structure is benzene, shown in

Figure 2.5.

Benzene 1 Benzene 2 Benzene

Figure 2.5 Structure of Benzene. Benzene 1 and 2 are equivalent and so the = bonds are said

to be delocalised over the whole structure in the same plane above and below the ring.

Benzene is a ring of six carbon atoms that are covalently bonded with sp® hybridised orbitals
and alternating single-double carbon bonds [3]. The positioning of the double bonds in
benzene makes no difference to the material's properties and so benzene 1 and 2 are
equivalent. Therefore, the alternating single and double bonds result in the weakly bound
electrons in the = bonds of the double bonded carbon atoms becoming delocalised over the
benzene ring as shown in Figure 2.5, leading to an equal probability of these electrons being

found anywhere in the benzene ring .

In the polymers utilised in OPV devices, the delocalization of = bonds around conjugated

bonds gives rise to the semiconducting properties of the polymers. The delocalised © bonds
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form the highest occupied molecular orbital (HOMO) level of the polymer, with the higher
energy unoccupied «* anti-bonding orbital forming the lowest unoccupied molecular orbital
(LUMO) level, as shown in Figure 2.4 (d); promoting an electron from the HOMO level to
the LUMO level changes the electronic structure of the molecule from bonding to anti-
bonding. The HOMO and LUMO levels of semiconducting polymers can be compared to the
valence and conduction bands in inorganic semiconductors, and the difference between the
HOMO and LUMO energy levels is defined as the material's energy gap. These energy levels
are not only affected by the individual atoms but also by the surrounding environment due to
other electronic interactions. Within tightly packed amorphous films, conjugated polymer
energy levels are shifted due to a property known as energetic disorder [4], [5], though this

effect is reduced in more ordered and crystalline materials.

Varying the components of a conjugated polymer chain can affect the HOMO and LUMO
levels of the material, which can be utilised to tune the energy gap of the material and its
charge transport properties. Polymers used for OPV applications tend to have an electron
‘donor' component that is electron rich, and an electron 'accepting’ component that is electron
poor. Changing these components, or even just individual atoms, can affect these electron rich

or poor areas, resulting in modified energy levels [6]-[10].

2.4 Photophysics of Organic Conjugated Polymers

Conjugated polymers are able to absorb photons in the visible region of the solar spectrum
due their energy gap, which can be engineered by making atomic or component substitutions
to the polymer as covered in 2.3 Conjugation. This process is critical to polymer design for

OPV devices, as it determines the range of wavelengths that the polymer can absorb.
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2.4.1 Exciton Formation

The process of photon absorption promotes an electron from the HOMO level of the polymer
to the LUMO level as long as the energy of the photon equals or exceeds the energy gap
between these two levels. If the energy of the photon is sufficiently high, an electron is
emitted from the material due to the photoelectric effect. This process is illustrated in Figure
2.6, an energy level diagram based on the Franck-Condon principle. Here, the ground state,
So, and the excited state, S3, consist of several quantised vibrational energy levels (n), forming
a ladder of states that are labelled So, and S; , respectively. For conjugated polymers, the Sy
state is the HOMO level (x bonding orbital) and the excited S; state is the LUMO level (n
anti-bonding orbital). On absorption of a photon of energy equal or greater than the energy
gap, an electron is promoted from Sy to one of the vibrational energy levels in the excited
state, Sy, in a process known as photoexcitation. If the electron is promoted to a vibrational
energy level in the excited state where n > 0, the electron relaxes down via an ultra fast,
radiationless process to the equilibrium state, S;o. This excess energy results in bond

vibrations along the polymer chain.

On photoexcitation, the electron is promoted to the excited state and leaves behind a hole in
its ground state. The electron and hole are still bound and are known as an exciton, which has
a neutral charge overall. Excitons can recombine when the electron drops from the excited
state to the ground state by radiative decay, over timescales of 0.1 - 1 ns [11]. This process is
known as fluorescence, and emits a photon of equal or lesser energy that the absorbed photon,

depending on if any relaxation processes have taken place, as shown in Figure 2.6.
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Figure 2.6 Franck-Condon energy level diagram for Sp and S; energy levels with absorption,

fluorescence and radiationless relaxation.

In comparison to inorganic semiconductors, conjugated polymers have a low dielectric
constant, usually between 3 - 4 [12], [13], and so the charges that are generated on
photoexcitation are not shielded from each other. This leads to a situation where the generated
excitons are still strongly bound together by coulombic forces in a state known as an Frenkel

excitons with a binding energy of ~ 0.3 eV [13]-[15].
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2.4.2 Exciton Diffusion and Dissociation

Frenkel excitons cannot be dissociated thermally, as is the case for excitons in inorganic
semiconductors, due to their strong binding energy. Dissociation can only occur at an
interface between the conjugated polymer, henceforth referred to as the donor, and another
material known as an electron acceptor [14]. However, the exciton must diffuse to this
interface before recombination occurs. The efficiency of exciton diffusion is known as the
diffusion co-efficient, D, and the distance an exciton can travel before recombination is
known as the exciton diffusion length (Lp). The relationship between these two parameters is

given in Equation 2.1 below.

L, =VDt Equation 2.1

Where 7 is the photoluminescence decay lifetime of the excitons. If the average distance
between the donor and acceptor interfaces are < Lp then it is likely that the excitons will be
dissociated into free charges at the interface. For conjugated polymers, the diffusion length is
of the order of 10 nm [14]. If the exciton does not reach a donor-acceptor interface in time,
geminate recombination occurs (where an electron and hole from the same exciton
recombine), often with an associated photoluminescence. In OPV devices, this short diffusion
length is overcome by the morphology of the donor-acceptor blend film, in which the two
materials are intermixed at a similar length scale; a subject discussed in more detail in 2.5
Device Architecture. The donor-acceptor blend film is also known as the ‘active layer' of an

OPV device.

Dissociation itself is the process by which the bound electron-hole pair (the exciton) is
separated into free charge carriers. This process occurs at the interface between the

conjugated polymer, the donor, and an acceptor material, providing the energy transfer is
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energetically favourable [14]. For this to be the case, the LUMO level of the acceptor needs to
be at a higher energy than the LUMO level of the donor, and the difference between LUMO
levels (AE) is equal to or greater than the exciton binding energy of 0.3 eV [13]-[15]. This
difference in LUMO levels generates an energetic driving force which dissociates the excitons
into a geminate pair (where the electron and hole originate from the same exciton), with the
electron transferred to the LUMO level of the acceptor and the hole remaining in the HOMO
level of the donor. This geminate pair is still bound, however, and is said to exist in a charge-
transfer (CT) state. Recombination can still occur at this stage, and so the charges need to be
further separated, which requires an internal electric field sufficient to break the coulomb

attraction between them. This process is illustrated in Figure 2.7.

A (a) ~ Acceptor (b) (c)
G OU T e —o—
- HOMO{ @ —0—
Donor

Figure 2.7 Process of exciton dissociation and charge separation at the donor-acceptor
interface. (a) exciton diffusion to the interface, (b) exciton dissociation to the CT state and (c)
exciton separation to form free charges and transport away from the interface. AE is the

energy difference between the LUMO levels of the donor and acceptor.
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2.4.3 Charge Transport

After the exciton has been dissociated, the free charges need to be transported through the
donor and acceptor molecules to the electrodes for extraction. This process is facilitated by
the delocalization of the HOMO and LUMO energy levels of the materials. However, energy
level delocalization can only occur between states of equal energy, and so distortion in energy
levels due to local effects, as discussed in 2.3 Conjugation, results in separate localised states
along the polymer chains. It is the charge transport between these localised states that
determines the mobility of charge carriers in the conjugated polymers [4], and it is agreed that
a hopping transport process is the dominant mechanism of charge transport through these
localised states. This hopping process is dependent on both the energetic disorder of the
localised states and also the distance between the hopping sites [4], [16]. Charges hop from
one site to the next by tunnelling through the potential barrier separating the two sites. The
barrier energy, and therefore the probability of the tunnelling taking place, is determined by
differences in energy and location of the two sites. For charge carrier mobility to be improved,
both of these parameters needs to be reduced as much as possible; a process that can be
achieved through modifications to the chemical structure and processing conditions of the
materials. Increasing conjugation length in the donor polymers, or decreasing the distance
between charge transport sites between monomers, can decrease the distance between
hopping sites [17], [18], and the intermolecular distance can be decreased by improving the

polymer-polymer stacking in a film by improving the molecular crystallinity [19].
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2.4.4 Charge Extraction

Upon exciton dissociation, separation and transport through the active layer, charge extraction
may take place at the electrical contacts. This efficiency of this process is dependent on the
work function (WF) of the contact materials matching the energy levels of the donor-acceptor
materials, allowing for charge transport across the interface. In an ideal situation, the device

electrodes should follow the rules below:

WF 0de = HOMO 30001 Equation 2.2
WFcathode = LUMOacceptor Equation 2.3

Here, the WF of the anode is matched to the energy of the HOMO level of the donor for the
extraction of holes, and the WF of the cathode is matched to the energy of the LUMO level of
the acceptor for extraction of electrons. These interfaces, when matched in energy in such a

way, are known as ohmic contacts.

However, the interfaces in OPVs are rarely so simple due to the wide variety of materials
used. Metal oxides have both valence and conduction bands, and a Fermi level in the energy
gap. When initially comparing materials against one another the vacuum level is aligned, as
shown in Figure 2.8, but this depiction of energy levels only holds true when the materials
are not in electrical contact with one another. When materials are brought into electrical
contact, Fermi level alignment can occur under certain conditions, where the Fermi levels of
the two materials equalize [20]. It is this Fermi level alignment that allows for efficient charge

transfer across such interfaces.

The simplest example of Fermi level alignment is the metal-metal interface, as shown in

Figure 2.8 (a). In this instance, electrons flow from the metal with the highest WF to the
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lower WF metal. For metal-organic contacts, the Fermi levels can align in one of two ways; if
the WF of the metal is equal to or lower than the upper critical Fermi level (®p) level of the
organic material, LUMO alignment occurs, and if the WF of the metal is equal to or higher
than the lower critical Fermi level (®y) of the organic material, HOMO alignment occurs,
shown in Figure 2.8 (b), (c) respectively. If the WF of the metal is between these two values
then the Fermi levels will not align and the materials will remain vacuum level aligned [21],

which is detrimental to charge transport across the interface.

Energy level alignment at interfaces is critical to device performance, as poor alignment can
lead to charge transfer losses due to barriers forming that inhibit extraction [22], [23]. Ohmic
contacts form when there is no barrier to extraction due to well aligned energy levels, and
Schottky-Mott contacts are formed when there is an energy barrier present. Charge transfer
can still occur in Schottky-Mott contacts, but at the cost of device efficiency resulting from an

increase in device series resistance.

In OPV devices, anode and cathode buffer layers are used to improve the energy level
alignment between the active layer and the electrical contacts, and thereby improve device
performance. Not only do these layers reduce the energy barrier for charge extraction and
reduce charge leakage [24], [25], but they can also provide protection from ingress of oxygen
and moisture into the active layer, which can cause degradation in performance (discussed in
more detail in 2.9 OPV Stability and Degradation). The buffer layer in between the active
layer and the anode is known as the hole transport layer (HTL) and the buffer layer at the
cathode is known as the electron transport layer (ETL). These buffer layer materials are

covered in more detail in 2.6 Interface Materials.
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Figure 2.8 Energy level alignment pre and post contact for various interfaces. (a) metal-metal
(b) metal-organic for LUMO level alignment and (c) metal-organic for HOMO level
alignment. Evacuum IS the vacuum energy level, ®m is the metal work function, ®p is the

upper critical Fermi level and @y is the lower critical Fermi level.

The alignment of energy levels on contact in an OPV device results in a built-in potential
(Vi) which dictates the direction of flow for charge carriers. Under open-circuit conditions,
the open circuit voltage (Vo) that results from the energy level alignment is determined from

the energy levels of the donor and acceptor materials as in Equation 2.4.
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1 .
Voe = (IERSHS 1 ~ [Efiis 1) ~ 0.3V Equation 2.4

Where E is the energy of the corresponding energy levels of the donor and acceptor materials,
e is the elementary charge, and 0.3 V is an empirical factor that accounts for the difference in
Voc and Vpi. This empirical factor has also been shown to be due to the binding energy of the
Frenkel excitons [26]. Several other factors can affect V,. in OPV devices, including
recombination [27], light intensity [28], [29], charge transfer states [30] and device

morphology [31], [32].

2.5 Device Architecture

OPV device architecture has evolved since its inception, when Ghosh et al. deposited an
active layer of tetracene between aluminium and gold contacts in 1973 [33]. This device had
an efficiency of only 10%, but was further enhanced to 0.7% by replacing the tetracene with
a merocyanine dye [34]. This single layer device was restricted in performance by a variety of

factors, not least the lack of an electron accepting molecule and interfacial buffer layers.

From this single layer structure, the bilayer (or heterojunction) architecture was developed,
where two materials were deposited on top of one another, which created an interface at
which excitons could be dissociated. The first materials used were copper phthalocynanine
(CuPc) and a perylene tetracarboxylic (PV) derivative, with an efficiency of 1% achieved in
1986 [35]. The use of indium tin oxide (ITO) as the anode contact material was also a
significant advance, and this transparent conducting metal oxide is used in the majority of

OPV devices to this day.
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As previously mentioned in 2.4.2 Exciton Diffusion and Dissociation, excitons in OPVs
need to be dissociated within ~ 10 nm of generation before geminate recombination occurs.
The bilayer structure, although it resulted in an increase in device efficiency compared to
previous efforts, still resulted in significant losses due to recombination, as there was only one
interface between the two materials. This problem was addressed with the introduction of the
bulk heterojunction (BHJ) active layer morphology in 1995 [36], [37]. In a BHJ, the donor
and acceptor materials are intimately mixed together as a result of being deposited together
from the same solution, but still separated into two distinct phases, as shown in Figure 2.9.
The arrangement of molecules within the blend film, also known as the microstructure, is
dependent on several properties of the materials used. These include the molecular weight,
polydispersity, the location and length of the solubilising side chains and the backbone
planarity [38]. In addition to these intrinsic factors, the processing conditions can also make a
significant difference to the resultant morphology of the active layer. For example, solvent
choice has a crucial effect of drying rate and the length scale of the resulting phase separation
between the two materials, and post deposition thermal annealing can improve the
morphology after drying by causing controlled phase separation of the two materials in the
BHJ. The ideal BHJ morphology has a length-scale of separation commensurate with the
diffusion length of the excitons, but still have continuous phases of the two materials for the
purposes of charge transport. However, the resultant microstructure may not be
thermodynamically stable, and can change over time, particularly under the stresses of device

operation and thermal cycling.
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Figure 2.9 BHJ morphology. Red lines represent the donor polymer molecules and black

circles represent acceptor molecules.

The standard OPV device architecture consists of several layers positioned between two
electrodes, as shown in Figure 2.10. The anode commonly consists of ITO, and it is through
this electrode that the device is illuminated, whereas the top contact is reflective and metallic,
and is usually either aluminium or silver. In between these electrodes, buffer layers are
incorporated to improve charge extraction by forming contacts whose energy levels are better
matched to the materials in the active layer, with holes extracted at the ITO anode and
electrons extracted at the metallic cathode. OPVs are fabricated onto substrates, manufactured

from either glass or flexible plastics such as PET [39].
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Figure 2.10 Standard architecture of OPVs as fabricated onto ITO coated substrates. Six
pixels on the substrate are defined by the overlap of the electrodes and are outlined by red

dotted lines.

An alternate OPV architecture has garnered much attention recently, as it offers the possibility
of creating more stable devices with longer operating lifetimes [40], [41]. The so-called
‘inverted" architecture utilizes ITO as a cathode and the reflective metallic contact as a
cathode. This necessitates an alteration of the order of fabrication, with the electron and hole

transport layers switching places as shown in Figure 2.11.

Al/Ag Anode
Hole Transport Layer
Active Layer
Electron Transport Layer
=—ITO Cathode
™~ Substrate

Figure 2.11 Architecture for inverted devices. ITO forms the cathode and the metallic top

contact forms the anode.
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2.6 Interface Materials

Interface materials play an important role in the performance of OPV devices as previously
mentioned, improving the energy level alignment at the interfaces between the active layer
materials and the electrical contacts. Interface materials come in two different general forms,
hole transport layers (HTLs) and electron transport layers (ETLs); HTLs improve hole
extraction and at the anode and ETLs improve electron extraction at the cathode. They also
reduce charge leakage at the contacts by blocking unwanted charge transfer (electrons for the
HTL and holes at the ETL). The following two sections cover the interface materials used in

this thesis.

2.6.1 PEDOT:PSS

One of the most commonly used HTL layers is PEDOT:PSS, a mix of two polymers; the
insoluble PEDOT, and PSS. With the addition of PSS, the PEDOT:PSS mixture becomes
water soluble [42], and thin films can easily be processed from solution that exhibit several
characteristics that are desirable for OPV interlayers: high conductivity, good film
transparency and high charge carrier mobility [43]. The most commonly used PEDOT:PSS
solution for OPV applications, Heracus Clevios™ P VP Al 4083, has a ratio of 1:6 PEDOT to
PSS, and a conductivity of the order of 10 Scm™ [42]. PEDOT:PSS has a work function of ~
5.2 eV [42], [44], and when used as a HTL between ITO and the active layer of OPVs, aids
extraction of holes across the interface. This is achieved by planarising the surface of the ITO
[45], reducing the number of shorts and inhomogeneities formed at the interface, and
increasing the work function of the ITO anode; allowing energy level matching with the

donor polymer in the active layer. Thin films of PEDOT:PSS are extremely hygroscopic [44],
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and post deposition thermal treatments are needed to remove any remaining water in the

films.
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Figure 2.12 Chemical structure of PEDOT and PSS monomers. The most commonly used

version of PEDOT:PSS in OPV fabrication has a blend ratio of 1:6.

2.6.2 Transition Metal Oxides

Transition metals are elements whose electronic structure and behaviour is dominated by
partially filled d orbitals (which have a quantum number, I, of 3). Transition metal oxides
(TMOs) have been studied for decades, but were only first utilised in the field of organic
electronics by Tokito et al. in the late 1990's, where thin layers of molybdenum, vanadium
and ruthenium oxides were used as interlayers in between the anode and organic material in
organic light emitting diodes (OLEDSs) [46]. This resulted in a significant increase in hole
injection in the devices, and this initial work was followed by a series of papers on the use of

TMOs in OLEDs and OPVs, used as both HTLs and ETLs [47]-[51].

TMOs exhibit many of the beneficial properties for OPV interlayer applications; high

conductivity, high work function, good transparency (due to large energy gaps) and
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semiconducting properties. The position of the conduction and valence band energy levels of
the TMOs used in this thesis are shown below in Figure 2.13 in comparison to ITO,

PEDOT:PSS and calcium.
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Figure 2.13 Energy levels for ITO [52], PEDOT:PSS [42], [44], M0oOy (molybdenum oxide)
[53], V204 (vanadium oxide) [53], TiOy (titanium oxide) [51], and Ca (calcium). For the
TMOs, the energy levels quoted are for freshly evaporated films that have not been exposed
to oxygen or moisture. The materials can be grouped into two categories, HTL materials

(MoOy, V,04 and PEDOT:PSS) and ETL materials (TiOx and Ca).
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2.7 Active Layer Materials

Research into polymers for use in photovoltaics began in earnest in the 1970's and 1980's,
fuelled by an interest in exploiting the natural organic compounds used in photosynthesis and
the use of organic photoconductors in Xerographic photocopying. Initially the rather modest
aims of the field were to find chemically stable materials with good optical absorption, and so
the first materials to be used were merocyanine and phthalocyanine dyes [35], [54], the
structures of which are shown in Figure 2.14 (a), (b) respectively. These materials could be
deposited either by thermal evaporation or solution deposition to form thin films on
conducting substrates, but only resulted in power conversion efficiencies of around 1% [35] at

best.

The aspiration of the field (to achieve low cost, large area, flexible OPV modules) required
the use of soluble materials that could be deposited using simple solution based methods.
Polymer semiconductors were quickly earmarked as the most promising material technology;
the ability to tailor the materials solubility, optical and electronic properties (including the
HOMO and LUMO energy levels, and therefore the optical bandgap) closely met the
demands of large scale OPV production. Although initial performance for polymer
semiconductors in OPVs was rather unimpressive, the first generation of high solubility
polymers such as polyphenylenevinylenes (PPV), and their derivatives, marked a milestone in
OPV development. However, in pristine polymer semiconductors the charge generation
efficiency was of the order of 0.1% due to the nature of the strongly bound Frenkel excitons,
and the charge separation mechanism was driven largely by the presence of defects or
impurities [55]. A major breakthrough in the field was made when polymer semiconductors

were combined with another material having a high electron affinity, an acceptor, which
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allowed for charge separation of the bound excitons in the polymer at the interface between

the two materials.

(@) o) (b)

Figure 2.14 Chemical structures of the dyes (a) merocyanine, (b) phthalocyanine and the

polymers (c) MEH-PPV, (d) MDMO-PPV and (e) P3HT.

This approach led directly to the development of the BHJ device, as the intermixing of the
two materials resulted in more charge separation at interfaces throughout the active layer. The
first BHJ architecture OPV devices, developed in 1995, showed efficiencies of 2.9% [37] (for
monochromatic light, not the now standard AM1.5), and were based on a MEH-PPV:PCgBM
(poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylenevinylene):Phenyl-C61-butyric acid
methyl ester) active layer. The structure of MEH-PPV is shown in Figure 2.14 (c). This was

also the first instance of PCBM being used as an acceptor in an OPV. Remarkably, after 17
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years, PCBM is still the most widely used acceptor material in BHJ OPV devices due to its
high solubility, favourable energy levels and performance, a subject that is covered in more

detail in 2.7.2 Fullerenes.

In 2001, Shaheen et al showed that the efficiency of a BHJ OPV based on another PPV
derivative, MDMO-PPV (structure shown in Figure 2.14 (d)), and PCBM was drastically
affected by the active layer morphology [56]. By optimizing the BHJ morphology of the
active layer through careful choice of solvents, a device efficiency of 2.5% under AML1.5
illumination was achieved - an almost threefold increase over any previously reported device

efficiencies.

Unfortunately, the relatively large bandgap of PPV type polymers, in combination with their
limited charge transport mobility, led to maximum attainable efficiencies of around 3%.
Considering that commercial applications require efficiencies around 10%, this limitation
provided the impetus to develop the next generation of semiconducting polymers. Poly(3-
hexylthiophene) (P3HT), whose structure shown in Figure 2.14 (e), and other poly-alkyl-
thiophenes emerged as a promising next step. P3HT was one of the first conjugated polymers
studied for use in OPVs, but it was only with the discovery of the effect of post-production
thermal treatments that device efficiencies of around 3.5% were reported [57]. This
development led to P3HT becoming the new workhorse of OPV development, facilitated by
the wide availability of the polymer from multiple manufacturers as the structure was not
patented. The efficiency of P3HT:PCBM based OPV devices quickly rose to around 5% [19]
due to improvements in polymer regioregularity [58] and molecular weight, optimizing the

annealing temperature [19] and reducing interface losses.
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However, as with the PPV based polymer systems, the limitations of P3HT were quickly
discovered. P3HT has excellent absorption and charge transport properties, and as such an
active layer of between 100 - 200nm absorbs most incident light and results in fill factors of
around 70% [59]. Unfortunately, the energy levels of P3HT are not well suited to PCBM, and

so the highest reported values for V.. were around 0.66V [60].

The most recent improvements in polymer:fullerene solar cell efficiencies and stabilities have
largely come from the synthesis of new polymers which have lower lying HOMO levels and
smaller band gaps. A lower lying HOMO level has the twin benefit of allowing more of the
energy of each photon to be harvested due to better energy alignment to PCBM [15], whilst
also improving the chemical stability of the material by making oxidation more difficult. As
such, there has been a recent trend in the development of polymers having a lower lying
HOMO levels in the region of -5.10eV to -5.50eV, such as PCDTBT (poly[9-(heptadecan-9-
yl)-9H-carbazole-2,7-diyl-alt-(4’,7'-di-2-thienyl-2',1',3"-benzothiadiazole)-5,5-diyl]) [61] and
PTB7 (poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"|dithiophene-2,6-diyl}{3-fluoro-2-

[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})) [62].

One family of polymers that have attracted a lot of interest in recent years for OPV
applications are the carbazole co-polymers. The most commonly studied carbazole co-
polymer, PCDTBT, has achieved device efficiencies of 7.2% [63]. Several studies of this
polymer have optimising the device structure [25], [50], [64]-[66] and characterised device
stability and degradation pathways [61], [67], [68], with extrapolated lifetimes of up to 10
years reported [68]; all of which make it an attractive proposition for efficient, stable OPV
material. The structure of PCDTBT can be altered to improve its solubility in common
organic solvents such as chloroform, chlorobenzene and dichlorobenzene by the addition of

an octyloxy substituent on the benzothiadiazole acceptor unit [69]. The resulting polymer has

Chapter 2 : Background Theory Page 38



increased solubility while maintaining high device performance when blended with a PC7BM
acceptor [69]. Extra thiophene moieties can also be added along the polymer backbone, which
redshift the absorption through a reduction in the optical energy gap by increasing the
intramolecular charge transfer along the polymer backbone [70]. Other substitutions can also
be carried out to alter the HOMO and LUMO energy levels and bandgap of PCDTBT; the
thiophene units can be replaced with selenophenes to improve the charge carrier mobility
through enhanced interchain interactions [71], and the carbazole unit can be replaced with a
polyfluorene unit which has enhanced thermal and chemical stability [72]-[75]. The chemical
structures of these polymers and the moieties that they consist of are included 2.7.1 Polymer

List.

2.7.1 Polymer List

The following is a list of the chemical names and structures of all the polymers used within

this thesis.

PCDTBT

Figure 2.15 PCDTBT - Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4",7’-di-2-thienyl-

2°,1°,3’- benzothiadiazole)]
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PCDTBT-8

Figure 216 PCDTBT-8 - poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-
bis(octyloxy)-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)-5,5-diyl] - the addition of an
octyloxy substituent on the benzothiadiazole of PCDTBT improves the solubility of the

polymer [69].

PCDSeBT-8

Figure 2.17 PCDSeBT-8 - (poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-
bis(octyloxy)-4,7-di(selenophen-2-yl)benzo[c][1,2,5]thiadiazole-5,5-diyl]). The same

chemical structure as PCDTBT-8, but with the thiophenes replaced with selenophenes.
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PFDT2BT-8

Figure 2.18 PFDT2BT-8 - (poly[9,9-dioctylfl u- orene-4,7-alt-(5,6-bis(octyloxy)-4,7-di(2,2'-
bithiophen-5-yl) benzo[c][1,2,5]thiadiazole)-5,5-diyl]) - a fluorene replaces the carbazole in

PCDTBT-8, with an extra thiophene on either side of the benzothiadiazole.
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Figure 2.19 PTB7 - (poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-
diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})). A high efficiency

polymer that has achieved PCEs of 9.2% with an inverted device architecture [76].
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Figure 2.20 HOMO and LUMO energy levels for the above polymers. Data for PCDTBT and
analogues acquired by Department of Chemistry, University of Sheffield by cyclic

voltametry. Data for PTB7 from [62].

2.7.2 Fullerenes

PCsBM and its variants are the ubiquitous electron accepting material, found in the vast
majority of OPV devices. Based on a buckminsterfullerene [77], a spherical cage of sixty
carbon atoms with a solubilising methyl ester group attached, as shown in Figure 2.21 (a), it
offers several physical and electrical characteristics that make it a near perfect electron
accepting material. When paired with organic polymers, photoinduced charge transfer from
the polymer to the fullerene is extremely fast and efficient [78], and it has a very high electron
mobility [79]. The LUMO level energy of PCgBM is - 4.3eV [25], making it an excellent
match for many polymers, crucially having the required energy difference between LUMO

levels of greater than 0.3 eV to allow for exciton dissociation.

Another form of PCBM that has also been used as an electron acceptor material utilises a
buckminsterfullerene with 70 carbon atoms, and as such is known as PC7BM, shown in
Figure 2.21 (b). Due to the lack of spherical symmetry in the C;o fullerene, an increase in

absorption co-efficient over the visible range of the solar spectrum is observed [80]. This is

Chapter 2 : Background Theory Page 42



beneficial to OPV devices, as although the majority of absorption is due to the polymer in
OPVs, the active layer blend is often composed of a significantly larger weight fraction of
PCBM to increase the number of donor-acceptor interfaces throughout the film. Therefore,
the increased light absorption of PC7BM, when compared to PCgBM, increases the charge

generation rate and leads to an enhancement of Js., and more therefore efficient devices.

Figure 2.21 Chemical structure of the most commonly used electron acceptor materials, (a)

PCsBM and (b) PC,,BM.

2.8 Ambient Processing

Currently, the majority of OPVs are fabricated in nitrogen atmosphere gloveboxes to exclude
oxygen and moisture from the process due to their detrimental effects of device performance
and long-term stability [81]-[83]. However, this is not a feasible situation for the eventual
scale up of production to produce OPV devices for mass manufacturing applications, as it
adds significantly to the embodied energy cost of the devices. An extra degree of complexity
is added in large scale production as most results for OPVs are from small scale, laboratory

produced devices, tested under extremely restrictive conditions. Laboratory devices achieve
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high performance through delicate and highly empirical relationships between multiple
fabrication parameters such as solvent choice, drying speeds, active layer and interface
materials and substrate/encapsulation materials. To scale up the fabrication process, which
also involves speeding up the process, requires re-evaluating the inter-relationships between
all these parameters, with added complexity due to processing in ambient conditions.
Currently, attempts to scale up production of OPVs from lab to industrial scale have led to
drops in PCE [84], [85]. Also, the solvents regularly used in OPV fabrication, such as
chlorobenzene and dichlorobenzene, are extremely toxic, and would need to be replaced by

less toxic alternatives in a commercial setting.

There are several reported lab investigations into ambient processing of OPVs, all of which
utilize a P3HT:fullerene active layer system [83], [86], [87]. This is because the degradation
mechanisms and performance of the P3HT:fullerene system are very well understood, and as
such the effects of ambient processing can be separated from other device performance effects

more readily.

Ambient processed devices with a P3HT:PCBM active layer exhibit lower efficiency than
those processed in an inert atmosphere [87]. The loss in device performance is primarily due
to a reduced FF as a result of oxygen doping of the active layer blend. Ambient processing
decreases both hole and electron mobility, with hole transport in P3HT reduced by oxygen
doping introducing trap states in the polymer, and electron mobility is reduced by a factor of ~
2 [83]. However, it has been shown that thermal annealing treatments can successfully reduce

electron and hole trap densities introduced through ambient processing [83].
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The most successful fabrication technique so far, in terms of scalability, is roll-to-roll (R2R)
processing. The main principles in roll-to-roll printing are so called 'wet films through contact'
printing, generally used for the top and bottom electrodes, and ‘wet films without contact'
printing, used for solution processed layers. Wet films through contact printing is where wet
films of material are transferred from a patterned roller to a substrate via direct contact, as
opposed to without contact printing where there is no contact between the substrate and
depositing apparatus. Multi-layer OPVs are fabricated in one continuous process onto a
flexible poly(ethyleneterephthalate) (PET) sheet with a printed pattern of ITO forming the
bottom electrode. Krebs et al successfully scaled up an inverted device based on a
ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag architecture from the laboratory to vacuum free R2R
with little loss in cell efficiency [85]; 2.7% efficient cells for devices fabricated in a lab, and
2.3% for device fabricated using R2R techniques. The ZnO, PEDOT:PSS and active layers
were deposited using normal printing techniques, the top Ag cathode was deposited using
screen-printing techniques and the devices were encapsulated using an acrylic adhesive and

PET foil.

Though R2R printing offers a promising method for producing OPV devices on an industrial
scale, limited device efficiency due to material limitations and short device lifetimes due to
insufficient encapsulation means that further developments are needed before

commercialization is feasible.
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2.9 OPV Stability and Degradation

Over the past decade, increased effort has been made to further the understanding of
degradation mechanisms in OPVs and how this affects their operating lifetimes. Extensive
studies of OPVs based on the polymer P3HT have been made [68], [88]-[90], with lifetimes
of up to 3 years reported [68]. More recently, outdoor interlaboratory studies have produced
devices with lifetimes in excess of 5 years [91], and laboratory studies have extrapolated

device lifetimes of up to 10 years for other polymer systems [68], [92].

Much of the early work done on the lifetimes of devices was before the introduction of
standardised methodologies, introduced after the publication of a consensus paper on testing
protocols and the advent of the annual International Summit on OPV Stability (1SOS) [93].
These standardised methodologies have provided a framework for testing procedures and how
data is reported, increasing the rigor of a variety of tests, from shelf-life to outdoor
interlaboratory testing. Due to the absence of such protocols prior to ISOS, it is challenging to

compare many of the published results obtained from different laboratories.

However, even though it is difficult to judge how studies from separate labs correlate, it is
still possible to obtain important information from earlier work. Early on, many of the
improvements in performance of OPVs came at a cost of stability, through the introduction of
new device degradation pathways. Most notably, the use of reactive metal electrodes, such as
calcium, and the development of interface materials such as PEDOT:PSS [94], LiF [95] and
PCBM acceptors were (in some cases) found to decrease device stability. Many of these
interlayers provide critical failure points within devices due to effects such as the formation of
charge extraction barriers [90], physical delamination at the interface [90], [96], and the
possible introduction of defect trap sites [51], [97]. However, more recently, other

improvements, such as the use of active layer polymers with lower lying HOMO levels,
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improve device stability by making oxidation of the polymer backbone more difficult.
Increased device lifetimes have also been achieved by altering the interfaces between the
electrode and the organic active layer through the use of metal oxides [63], [67], [98], [99].
Whilst these metal oxides often introduce new degradation pathways themselves, it is
important to obtain physically and chemically stable interfaces between the electrodes and the

organic active layer.

There are many degradation paths in OPV devices, both chemical and physical, that lead to a
reduction in device performance over time. Chemical reactions can occur both in the dark as
well as under illumination, due to the chemical mixing of the constituent materials of the
OPV, for example PEDOT:PSS etching of ITO [100]. Oxygen and moisture play an important
role in device degradation, as many of the materials used in OPVs are reactive with these
species; for example where Ca/Al cathodes are used, calcium or aluminium can react with
oxygen, which forms insulating areas at the cathode interface, reducing charge extraction and
therefore device performance [101]. Chemical reactions under illumination include photo-
oxidation (in the presence of oxygen/water) and photolysis (in the absence of

oxygen/moisture).

The following sections will cover the major degradation pathways present in OPVs in more

detail.
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2.9.1 Photochemical Reactions

As previously mentioned, organic conjugated polymers are sensitive to oxygen and moisture,
and undergo chemical reactions when exposed to light in the presence of these reactive
species. Photo-oxidation of a conjugated polymer results in the polymer chain undergoing
scission, breaking conjugation along the backbone and leading to a loss of light absorption.
Due to the loss of light absorption and the subsequent colour change of the polymer, this
process is known as photobleaching. Photobleaching takes place in OPV devices whenever
they are illuminated, and so excluding oxygen and moisture is vital to preventing this

degradation mechanism.

2.9.2 Trap Formation

Trap formation can take two forms; either deep or shallow. Deep trap formation results from
either photochemical reactions in organic materials or from metal ion diffusion from the
electrodes. These deep traps cause recombination events in the active layer film, resulting in

device performance loss through a reduction in V., FF and Js.

Shallow trap formation is also due to photochemical reactions, but can also be caused by
molecular reorganization, resulting in an increase in energetic disorder in the system. Shallow
traps do not cause recombination, but instead trap charges and result in space-charge build up
at interfaces, impacting all device operating parameters. One cause of shallow traps is
annealing polymers above their glass transition temperature (Ty), which causes phase

separation.
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2.9.3 Phase Separation

Annealing an active layer film above the T, of its organic materials induces phase separation.
This process can cause the polymer and fullerene to separate from one another into large
polymer and fullerene domains, rather than forming an intermixed state. If the size of these
domains exceeds the exciton diffusion length, then losses due to recombination can reduce the
device efficiency. In many cases however, the Ty of many polymer systems are in excess of

100°C, and so are greater than the practical operating temperatures of OPVs.

2.9.4 Delamination

Delamination is a degradation process that can occur at any of the interfaces in the device, and
is caused by thermo-mechanical stresses [102]. Delamination can result in energetic barriers
forming to charge transport and extraction [90], [96], leading to complete loss of device
operation in the areas that are affected. Due to the rigid substrates on which many OPV
devices are fabricated, mechanical delamination is not an issue unless the devices are in
physical/mechanical contact with the outside world. However, this is a cause for concern
where OPVs are fabricated onto flexible substrates, where repeated bending can cause
delamination if the many layers in the device do not have good adhesion, or the fabrication

process itself includes repeated bending , such as in R2R.
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2.9.5 Encapsulation

The lifetime of OPVs can be significantly improved by encapsulating the device, whilst also
improving the mechanical stability and scratch resistance. Encapsulation protects the OPV
from oxygen and moisture (two major degradation sources), and also from UV radiation.
Ideally, encapsulation would seal the OPV in a glass container with an inert atmosphere to
completely exclude oxygen and water as shown in Figure 2.22, but unfortunately this is not

practical in many cases.

Figure 2.22 A 10 cm® OPV encapsulated in a glass ampoule sealed under high vacuum [103].
The electrical connections to the inside of the ampoule are made using tungsten glass seals.
The sealing procedure is laborious, but the container is impervious to both oxygen and water.
The white glued caps are protecting the glass seal and does not represent sealing itself. The

aluminium foil is a heat shield necessary for the sealing procedure.

The most common form of encapsulation involves encasing the device between two sheets of
glass, one being the device substrate, using a glue to seal the edges. Lifetimes of 5600 hours
have been reached for OLEDs using this technique [104], and requirements for oxygen and
moisture penetration rates are more stringent for OLEDs than OPVs [105]. Although using

glass substrates and encapsulation sacrifices flexibility in the devices, glass has an extremely
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low transmission rate of oxygen and water, which cannot currently be matched by flexible

alternatives.

Flexible encapsulation methods are of use for R2R processing. Polyethylene terephthalate
(PET) was one of the first materials studied for flexible encapsulation, but the results were far
from promising as the encapsulation technique itself reduced device lifetime [106]. Later
studies using a R2R process also used PET substrates and encapsulated films with far more
success [85], with lifetimes measured in tens of hours in air and hundreds of hours in a dry

nitrogen atmosphere.

Cros et al. [105] measured the lifetimes of both standard and inverted architecture OPV
devices to calculate the barrier water vapour transmission rate (WVTR) requirements for long
device lifetimes. They discovered that for lifetimes of several years, the necessary WVTR of
the encapsulating material must be of the order of 10° gm?day’ or lower. This is
considerably lower than the number often quoted for OLEDs of 10 gmday™ [96]. This has
been correlated by results showing that lifetimes of up to 13500 hours are achievable for
devices encapsulated with a triple layer of SiNx/parylene, which has a WVTR of 3x107 gm"

2day™ [107].

2.9.6 Decay Behaviour

The degradation of OPVs is influenced by all the mechanisms covered in this section to
different degrees, determined by material choices and processing conditions. Determining the
dominant sources of degradation, and minimizing or eliminating them is one of the main

goals of research into OPVs.
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For devices with a standard architecture, as covered in 2.5 Device Architecture, a
polymer:fullerene active layer and a metal cathode such as Ca/Al, a common PCE decay
curve is observed as shown in Figure 2.23. Typically, the OPV device undergoes a period of
rapid, exponential efficiency loss that is known as the burn-in period. The mechanisms that
cause this burn-in period are discussed in more detail in Chapter 5 : Hole Transport Layer
Laboratory Lifetime Study. After burn-in, a period of linear decay is often observed that can
end abruptly if the encapsulation fails. The lifetime of devices is calculated from the point at
which the burn-in period ends. The Tg lifetime is then defined by the point at which device
efficiency falls to 80% of the value at the beginning of the linear decay period. The less
frequently used Tso lifetime is similarly defined as the point at which the efficiency drops to
50% of this initial value. Various tools and methods are used to probe the causes of
degradation and efficiency decay in OPV devices, and those utilised in this thesis are covered

in Chapter 3 : Experimental Methods.

20% loss

— Tg() Lifetime ———

Device Efficiency

Time

Figure 2.23 Typical decay curve for an OPV with a standard architecture. The OPV
undergoes an initial rapid loss of efficiency, known as the burn-in period, and thereafter a
linear period of decay is observed. The Tg lifetime is defined by the point at which the

efficiency drops by 20% after burn-in.
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Chapter 3 : Experimental Methods

3.0 Introduction

In this chapter, the various techniques utilised in the fabrication of OPV devices are reported,
as are the experimental techniques employed to characterise devices and determine a variety
of operating parameters. Key fabrication techniques covered include substrate cleaning,
solution preparation, thin film deposition, metal evaporation and encapsulation. Experimental
techniques used to probe OPV device performance include current-density (JV)
characterisation, laser beam induced current mapping (LBIC), electroluminescent mapping
(ELM), absorbance spectroscopy, external quantum efficiency (EQE) and spectroscopic
ellipsometry. Finally, the details of lifetime testing protocols and apparatus are covered,

including set up and calibration.
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3.1 Fabrication Techniques

The following is an overview of the different techniques utilised in the fabrication of OPV
devices in this thesis. The majority of fabrication steps were carried out in either a nitrogen
filled glovebox (< 0.1 ppm O, H,0), Figure 3.1(a) or a Lamarflo workstation hood Figure

3.1 (b).

(a) Evaporation Chamber  Antichambers (b) Nitrogen Supply Spin Coater

Spin Coater  Purification Systems Ultrasonic Bath Hot Plate Pipettes

Figure 3.1 (a) The nitrogen filled glovebox with key features labelled and (b) the Lamarflo

workstation hood with key features labelled.
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3.1.1 Substrate Cleaning

OPV devices were fabricated onto 20 mm x 15 mm glass substrates with a 100 nm thick pre-
patterned sputtered 1TO layer supplied by Ossila Ltd. The overlap of the ITO pattern and top
electrical contact defines six 2 mm x 2 mm (4 mm?) pixels on each substrate as shown in

Figure 3.2 (b).

~
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~

(b)

|

| —Pixels
| !

| !
| |
| |

1l

* // T
ITO Metal Electrode

Figure 3.2 (a) Six pixel substrate design. (b) Pixels defined by overlap of ITO and metal

electrode.

The substrates were rigorously cleaned to remove dust and dirt on the surface of the ITO,
which can lead to shorts and other defects forming during device fabrication. This was done
by sonicating the substrates in a hot water ultrasonic bath (70 - 80°C) with Hellmanex 1lI
cleaning fluid for 10 minutes, after which they were ‘dump-rinsed’ twice in hot DI water.
Once rinsed the substrates were sonicated for a further 10 minutes in 2-propanol (IPA) in a
hot water ultrasonic bath, and dump-rinsed in hot DI water once more. The substrates were
then stored in DI water until needed, for no more than an hour, at which point they were

removed from the DI water and dried with a compressed nitrogen jet.
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3.1.2 Solution Preparation

One of the main benefits of OPV technology is the ability to process materials from solution.
This allows for the use of many different thin film deposition techniques, such as spin-
coating, spray coating, ink-jet printing and R2R processing. As previously mentioned in 2.5
Device Architecture, for the active layer of OPVs utilizing a BHJ morphology, both the
donor polymer and fullerene acceptor are deposited from the same solution, which results in
the interpenetrating network of phase separated materials needed for exciton dissociation and
charge extraction. Solution composition can drastically affect the resulting material film, and
therefore solution preparation is a key step in the deposition of thin films with the desired

properties for OPV device operation.

All materials and solvents were used as received from the suppliers. Solvents, metal oxide
precursors and other materials, unless otherwise stated, were sourced from Sigma-Aldrich.
Donor polymers and PC,BM (95% purity) were provided by either the University of
Sheffield (UoS) Chemistry Department or Ossila Ltd. Details of polymer source, molecular
weight (M,,) and number (Mp), polydispersity index (PDI) and optimum PC;,BM blend ratio

can be found in Table 3.1.

Polymer solutions were prepared by dissolving dry polymer in a solvent, either chloroform
(CHCIs) or chlorobenzene (CB), at a concentration of 4 - 10 mgmL™ depending on the
solubility of the polymer. Polymer solutions were then heated at 80°C for an hour with a
rotating stir bar, with periodic shaking of the vial to ensure all material was fully dissolved.
This solution was then cooled for 5 minutes before being added to another vial containing dry
PC7BM to attain the desired blend ratio. The polymer:fullerene solution was then heated
whilst stirring with a rotating stir bar for a further hour at 80°C, before being cooled down and

filtered through a polytetrafluoroethylene (PTFE) filter with a 0.45 pum pore size to remove

Chapter 3 : Experimental Methods Page 72



polymer and fullerene aggregates. This process was carried out in a nitrogen filled glovebox

for all studies.

Polymer Source My Mn PDI Blz(r?éoig/ltio
PCDTBT (R3CH)  UoS Chem. Dept 36,700 17,000 2.15 1:4
PCDTBT (M137) Ossila Ltd. 42,200 19,600 2.15 1:4

PCDTBT-8 UoS Chem. Dept 78,600 32,800 24 1:4
PCDSeBT-8 UoS Chem. Dept 60,195 16,036 3.75 1:4
PFDT2BT-8 UoS Chem. Dept 91,600 62,400 1.47 1:4

PTB7 [1] 1-Material 97,500 - 2.1 1:1.5

Table 3.1 Polymer name, source, My, My, PDI and optimised PC;,BM blend ratio.

3.1.3 Thin Film Deposition

Spin-coating was the method used to fabricate thin films. This is a simple and repeatable
process that involves securing a substrate to a rapidly rotating disc and dispensing a solution
onto its centre from above. The solution, on contact with the spinning substrate, is spread
evenly over the surface by centrifugal force, with excess solution ejected off the edge. Solvent
evaporation occurs while the substrate is still spinning, which results in a thin, uniform film
covering the substrate. The quantity of solution used per deposition is controlled by the use of

a variable volume pipette, with 20 - 50 pL of solution used per film.

The spin speed needed to attain films of a desired thickness depends on the viscosity of the

solvent and the concentration of the solution, as shown in Equation 3.1.
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_cv(c)

Vo

Equation 3.1

Where t is the film thickness, c is the solution concentration, v(c) is the solution viscosity

(which is dependent on the concentration) and  is the spin speed.

The length of time the substrate was left to spin, such that the solvent was fully evaporated,
was determined by the boiling point of the solvent; 61°C for CHCI; and 131°C for CB. For the
majority of cases, 30 s was sufficient time for the solvent to evaporate and create fully dried
films. Excess undried solution at the corners of the substrate was removed by the addition of a
second spin stage, having a much higher spin speed (< 4000 rpm), for 10 s after the central

region of the film was fully dry.

To achieve the desired film thickness, reference samples were spun onto artificial quartz
coated glass slides. A trench was then scraped in the active layer using tweezers, and the

depth measured using a Dektak surface profilometer. This is illustrated in Figure 3.3 below.

(a) Stylus
i—
4 «—— Active Layer
«—— Substrate
Trench

(b)

)

g

= . < Profile
.50

T

Figure 3.3 (a) Dektak stylus moving linearly across active layer surface. (b) Measured height

profile of sample with active layer depth, t.
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Once a reference sample had been measured, altering the spin speed of deposition allows for
fine-tuning of the film thickness, as governed by Equation 3.2.
tr\2

Wy = Wy (t_> Equation 3.2
2

Where t; is the film thickness of the reference sample created by spin speed wy, and t, is the
desired film thickness created by spin speed w,. This relationship is dependent on the solution

concentration and viscosity being kept constant.

Active layer materials were spin-coated in the glovebox for the majority of the OPVs

fabricated, though in some cases deposition was carried out in air in a Lamarflo work bench.

PEDOT:PSS solutions (Heraeus Clevios™ P VP Al 4083) were filtered through a 0.45 pm
polyvinylidene fluoride (PVDF) filter to remove aggregates, and were spin-coated onto
cleaned ITO substrates at 6000 rpm for 30 s, to give a film thickness of 30 nm. PEDOT:PSS
solutions are aqueous, and therefore could not be processed in the glovebox, so thin films
were spin-coated in a Lamarflo work bench under ambient conditions. The films were then
thermally annealed in air at 150°C for 10 minutes prior to being transported to the glovebox,
where, in some cases, they were again annealed at 150°C for 10 minutes to remove any

remaining moisture in the films.

Other materials, such as metal oxides, were also deposited from solution. The solution
preparation details and deposition requirements for these materials are covered in the chapters

in which they are utilised.
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3.1.4 Thermal Evaporation

Thermal evaporation is a technique by which metal oxide interlayers and metallic top contacts
can be deposited. Thermal evaporation involves two basic processes: a hot source material
evaporates, and then condenses on the substrate. This is carried out in a high vacuum, such
that the evaporated metal particles can travel directly to the substrate without colliding with
gas molecules. The high vacuum also reduces the boiling point of the materials being

evaporated, allowing for heating by electrical currents.

This process was carried out in a vacuum chamber attached to the nitrogen filled glovebox, as
shown in Figure 3.1 (a), to allow for substrates to be moved between the two without
exposure to ambient environment. The vacuum chamber had multiple sources, and so
sequential evaporations could be carried out without having to vent the chamber to
atmosphere. The thickness of the material being deposited were monitored during evaporation
using a calibrated quartz crystal microbalance (QCM), whose frequency changes depending

on the mass deposited on its surface.

For the deposition of evaporated materials, substrates were loaded into evaporation masks
which defined the area over which the material was evaporated onto the substrate, an example

of which is shown in Figure 3.4 (b).
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(a) (b)

[T

Figure 3.4 (a) Design of the top contact evaporation mask for OPVs, with space for 35
substrates. The mask consists of two 2 mm thick layers of patterned stainless steel welded
together (represented by dark and light grey areas). (b) Shows a substrate loaded in the mask
(viewed from below, through the mask), and the exposed area of substrate onto which the

metal is evaporated. The pixel area is highlighted in red.

Once fully loaded with substrates, the mask was transferred to the evaporation chamber and
secured on a rotating holder to allow for uniform deposition across the surface. The chamber
was then pumped down to a starting pressure of < 10" mbar to allow for the metal to vaporise
and to remove trace gasses that could react with the materials being deposited. The chosen
materials were evaporated from crucibles by passing a current through a heating coil
surrounding the crucible. Depending on the material being evaporated, the optimum material

deposition rate, crucible material and final film thickness varied as shown in Table 3.2.
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Crucible Optimised Film

Material Material Thickness Deposition Rate
Molybdenum Oxide  Aluminium oxide 10 - 20 nm 0.2 As*
(MoOy)
Calcium (Ca) Aluminium oxide 5 nm 0.4 As*
Aluminium (Al) Boron Nitride 100 nm 1.5 As*?
Silver (Ag) Boron Nitride 100 nm 1.0 Ast

Table 3.2 Evaporation parameters for the materials used for the fabrication of OPVs. 100 nm
of silver or aluminium were required to form highly reflective and conductive top contacts.

Optimised film thicknesses were determined from optimisation studies.

After deposition, the substrates remained in the vacuum chamber until cool, at which point the
chamber was vented to atmospheric pressure and the substrates brought back into the

glovebox.

3.2 Device Fabrication

Figure 3.5 (a-e) Shows the main fabrication steps for an OPV. First, patterned ITO substrates
were cleaned (a) as covered in 3.1.1 Substrate Cleaning, after which the first interlayer was
deposited (b). This formed either the HTL for standard devices or the ETL for inverted
devices, and was deposited from solution by spin-coating as covered in 3.1.3 Thin Film
Deposition or by thermal evaporation as covered in 3.1.4 Thermal Evaporation. Commonly,
the HTL for standard architecture devices consists of either PEDOT:PSS, which was spin-

coated from solution in air, or MoOy, which was thermally evaporated under vacuum, though
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other materials were also used. The ITO contact points on either side of the substrate were

wiped clean of material to allow for efficient electrical contacts.

The active layer was then deposited by spin-coating (c), most often in the glovebox to prevent
degradation of the polymer films, though this process was also carried out in air in a Lamarflo
work bench in Chapter 4 : Air Stability of MoOx and Chapter 6 : Polymer Air
Processing. Optimum active layer thicknesses of between 70 - 95 nm were achieved by
varying the spin speed of deposition as covered in 3.1.3 Thin Film Deposition. As with the
first interlayer, the ITO contact points on either side of the substrate were cleaned of material

to allow for efficient electrical contacts.

Next, the second interlayer was deposited (d), forming the ETL for standard devices or the
HTL for inverted devices. This layer was formed of 5 nm of Ca or 10 nm of titanium oxide
(TiOy). Ca was thermally evaporated using an evaporation mask, and TiOx was processed
from solution as covered in 8.1 Titanium Oxide. For the TiOy, the ITO contact points on

either side of the substrate were cleaned of material as in previous steps.

100 nm of metal was deposited via thermal evaporation to form the top electrical contact (e)
in the vacuum chamber at < 107 mbar. This was carried out using an evaporation mask to

achieve the desired cathode shape and coverage as shown in Figure 3.4 (a).

Finally, devices were encapsulated using a glass cover slip and UV epoxy (f), which was
cured for 30 minutes under a UV lamp prior to removal from the glovebox. This
encapsulation provided protection from moisture and oxygen ingress into the device, and
mechanical stresses and scratches during handling. A completed device is shown in Figure

3.6,
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Figure 3.5 Main fabrication steps for an OPV: (a) ITO coated substrate after cleaning, (b)
first interlayer deposition, (c) active layer deposition, (d) second interlayer deposition, (e)

metal top contact evaporation with pixels highlighted in red, and (f) encapsulation.
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Figure 3.6 A completed 6 pixel OPV device.

3.3 Device Characterization

OPV devices were characterised by measuring a current-voltage (IV) curve under
illumination, most often simulated AM1.5 solar spectrum as shown in Figure 3.7. The OPV
devices were subjected to an applied voltage that swept between -1.0 and 1.0 V, and the
generated current measured at 0.02 V steps. When quoting device performance, current is
converted to current density to normalize the performance of the solar cell to its pixel size,
resulting in a current density-voltage plot (JV). The properties of the materials used in the
device have an effect on the generated current; including the absorption spectrum of the active
layer materials, photogeneration rate, exciton diffusion, dissociation and charge extraction.
The efficiency of these processes all contribute to the measured device power conversion

efficiency (PCE).
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Figure 3.7 Solar spectrum incident on the Earth above the atmosphere (AMO) and on the

surface at temperate latitudes (AM1.5).

A typical example of a JV curve for an OPV device is shown in Figure 3.8, with the operating
parameters annotated. The device is at open circuit when J = 0 mAcm™ and short-circuit at V

=0 V. The PCE and the fill factor (FF) can be calculated using Equations 3.3 and 3.4 below.

Pout =]mpmepp =]SCVOCFF

PCE = Equation 3.3
p; p; p; a
V
FF = S Vi Equation 3.4
]SC‘/OC

Where Pj, is the incident power from the simulated AM1.5 solar spectrum, P is the output
power of the device, Jmpp and Vimpp are the current density and voltage at the maximum power
point (Mpp), Vo is the open circuit voltage, Js is the short-circuit current density and FF is the

fill factor.
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Figure 3.8 JV characteristics of an OPV device. The maximum power point (Mpp) is shown
along with the other operating parameters, and the blue box represents the maximum power

output of the device.

OPV devices can be approximated with an equivalent circuit as shown in Figure 3.9, which

incorporates resistors and diodes to account for shape of the JV curve under illumination.

Rseries

INORRVAISRIL

Figure 3.9 Equivalent circuit for an OPV. Jy, and Jp are the photocurrent and diode current as

described in Equation 3.5.
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Rseries and Rghune are known as parasitic resistances and can significantly affect the
performance of an OPV device. Large values of Rsynt prevent current leakage in the device,
and small values of Rgies improve device performance by decreasing internal resistances in
the device (originating from bulk transport, transfer of charges across interfaces and
extraction at the contacts). An upper limit of values for Rg,un: and Rseries Can be calculated from
the gradient of JV curves at open and short circuit; with Rgyne primarily affecting the shape of
the curve at short circuit, and Rsies primarily affecting the shape of the curve at open circuit
[2], [3]. The main impact of increasing Reeries IS t0 decrease the FF of OPV devices, though
sufficiently high values can also reduce Js.. Low values of Rgne Can also cause a decrease in
FF by providing an alternate path for light-generated current, reducing the amount of current
flowing through the device and thereby also reducing the voltage. Equation 3.5 gives the
relationship between current and voltage in an OPV, accounting for the effects of Reries and

Rshunt-

V- ]Rseries

R = Jpn Equation 3.5
shunt

e
= [exp <W (V _]Rseries)> - 1] +
Where J is the current, Jo is the dark current, V is the applied bias, n is the diode ideality
factor, Reeries and Rshunt are the series and shunt resistances and Jyn is the photocurrent. The
diode ideality factor, n, allows for the fact that OPVs are not ideal diodes, takes a value
between 1 and 2 and accounts for a variety of recombination mechanisms [4]. The diode

current, Jp, is the product of Jo and the terms in the square parentheses.

Jse » J (V = 0), is the maximum attainable current that can be drawn from an OPV device
under illumination. Several factors affect the J, including the maximum amount of light that

can be absorbed, which is determined by the band gap of the donor polymer. A small bandgap
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leads to an increase in Js. due to increased absorption, but a smaller bandgap also leads to a
reduction in V. Other processes that reduce Js. include recombination of charges in the

active layer or at interfaces [5], and the parasitic resistances Rsyunt and Rseries.

The FF can be described as how close the electronic behaviour of an OPV is to an ideal diode.
Therefore, the factors that reduce FF are high Reeries, loW Rsnynt @and diode ideality factors > 1.
These can be overcome by reducing recombination and losses due to internal resistances [6],

and decreasing the number of defects that cause shorts.

3.3.1 Device Characterization Setup

JV characteristics of OPV devices were obtained using a setup consisting of a computer
controlled test board designed by Ossila Ltd, a Keithley K237 source-measure unit, and a
Newport 92251A-1000 solar simulator with a calibrated AM1.5 spectrum and an output of

1000 W/m?. The test board design is shown in Figure 3.10.

(a) (b) Light
Connection to
main unit

OPV Aperture Mask

Legs

Temperature Sensor

Pogo Electrical Contacts

Device Holder ————

Photodiode

Figure 3.10 Test board used for OPV characterization. (a) Top view, (b) side view with OPV

and aperture mask in place.
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The test board was designed such that it would hold an OPV and an aperture mask on spring
loaded pogo electrical contacts, as shown in Figure 3.10 (b), uniformly illuminated from
above by the solar simulator. A temperature sensor and photodiode next to the OPV allowed
for monitoring of temperature and light intensity with every JV measurement. The test board
was secured underneath the solar simulator and connected to a main circuit board that allowed
for switching between the six pixels of the device for automated testing. The main circuit
board was connected to the Keithley 237 source-measure unit by BNC connection, and the
whole setup was controlled by a MATLAB program. This automated setup allowed for swift
and repeatable device testing. The calibration of the solar simulator and aperture masks are

covered in the following sections.

3.3.2 Solar Simulator Calibration

To check the calibration of the solar simulator at the University of Sheffield, the JV
characteristics of five OPVs were measured first at Sheffield and then later at Loughborough
University, whose solar simulator (CREST) had undergone rigorous calibration and testing to
accurately match the AM1.5 spectrum. The five OPV devices tested at both locations had an
ITO/MoO,/PCDTBT:PC,BM/Ca/Al standard architecture. Table 3.3 shows the average
values and standard deviation of PCE, FF, V.. and Js. for the five different OPV devices,
omitting those pixels with gross film defects. The results were very similar, with a small
relative decrease of around 3-8% in PCE when the devices were measured in Loughborough.
The discrepancy in the two measurements could be accounted for by a spectral mismatch of
the two sources, degradation of the devices during transit and under repeated testing and other

differences in testing equipment.
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Testing Jsc

Device PCE (%) FF Voc (V)

Location (mAcm)

1 Sheffield 4.93+0.04 65.4+0.3 0.87 -8.64+0.08

Loughborough ~ 4.71+0.03 64.7+0.1 0.89 -8.15+0.04

2 Sheffield 4.95+0.04 65.7+0.3 0.87 -8.64+0.07

Loughborough  4.69+0.03 65.1+0.3 0.88 -8.18+0.08

3 Sheffield 5.14+0.04 66.2+0.1 0.88 -8.82+0.06
Loughborough  5.02+0.07 65.4+0.5 0.89 -8.610.2

4 Sheffield 5.01+0.04 65.5+0.3 0.88 -8.71+0.03

Loughborough  4.62+0.06 63.4+0.8 0.89 -8.19+0.01

5 Sheffield 5.18+0.02 66.1+0.2 0.88 -8.90+0.06

Loughborough  4.91+0.05 65.6+0.4 0.90 -8.32+0.07

Table 3.3 Operating parameters for five OPV devices tested at both Sheffield and

Loughborough Universities using different solar simulators.

The JV curves for pixel 3 of device 1 from Table 3.3, as measured under the Sheffield and

Loughborough solar simulators, are shown in Figure 3.11 for comparison.
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Figure 3.11 JV curves for the same device measured using the Sheffield and Loughborough

solar simulators.

3.3.3 Aperture Mask Calibration

Devices were measured using a electrochemically etched aperture mask, the design of which
is shown in Figure 3.12 (a), to define an area of illumination and allow for accurate
calculation of current density. The masks were etched with individual apertures for each of
the six pixels, each with an area of 0.0256 cm?. However, the manufacturing process left a
roughened edge to these pixel apertures as can be seen in Figure 3.12 (b). Using an optical
microscope image of the pixel apertures and an eyepiece micrometer, shown in Figure 3.12
(b), (c) respectively, the area of the pixel apertures were calculated to be (0.0261+0.0001)cm?,
a 2% error from the value quoted by the manufacturers. This aperture calibration allowed for

more accurate calculation of the current density, and subsequently PCE.
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Figure 3.12 (a) Design of the aperture mask for OPV characterization, (b) an optical
microscope image of an individual pixel aperture and (c) an optical microscope image of an

eyepiece micrometer.

3.4 Absorbance Spectroscopy

Absorbance spectroscopy was used to measure the transmission of light at different
wavelengths through a sample. This was carried out using a Jobin Yvon Horiba Fluoromax-4,

the structure of which is shown in Figure 3.13.

A Xenon arc lamp, with an emission starting at 250 nm, was used as the light source and was
housed in the first chamber of the Fluoromax. From the lamp, the light is focused using an
elliptical mirror, through a quartz window, and into a Czerny-Turner monochromator. The
light entering the monochromator is focused onto an entry slit, which is used to control the
intensity of the light. From here, the light is collimated using a mirror and is then incident
onto a blazed diffraction grating, where, upon diffraction, it is then refocused by a second
mirror onto another slit and exits the monochromator. This process allows for control of the

wavelength of light incident on the second slit, and is dependent on the angle of the blazed
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grating with respect to the second mirror. The width of the second slit can also be used to fine
tune the resolution of the output spectra; the smaller the slit size the higher the resolution. As
light exits the monochromator, a reference spectra is generated by focusing the light through a
beam splitter onto a reference detector photodiode. The light then passes through the sample,
held in a sample holder at right angles to the incident beam, and onto a second photodiode. By
recording the light transmitted through the sample, it is possible to calculate the transmittance,

and therefore the absorbance, of the material.

Elliptica|l Mirrors

L
K '
/

Reference Detector

N

Ozone-free |
Xenon arc lamp

Blazed Grating

L

Quartz Window —]

/,:\Shutter ‘%——Beam Splitter

—<—— Sample Holder

'

Transmission Detector

Figure 3.13 Structure of the transmission spectra section of a Jobin Yvon Horiba Fluoromax-
4. The instrument is split into four parts: the light source, monochromator, reference beam

detector and sample chamber with transmission detector.
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The transmittance of a sample is calculated using the relationship shown in Equation 3.6.

10
I(A)

where T(4) is the fraction of light transmitted at wavelength 4, I(1) is the amount of light

T(A) =

Equation 3.6

transmitted as measured by the sample photodiode, and Iy(4) is the amount of light incident on
the sample as measured by the reference photodiode. The transmittance, T(1), includes losses
due to reflections and dispersion of light at interfaces. Therefore, for the measurement of thin
films deposited onto glass slides, transmission spectra of blank glass slides are taken to
determine the losses due to the substrate. Calculations assumptions include that the losses due
to the substrate are the same for both the reference blank glass slide and the sample to be

measured.

The absorption spectrum of a sample can be calculated from the transmission using Equation

3.7.

1(4)

1()(_/1)> = —log,o(T(D)) Equation 3.7

A(d) = —10910<

where A(4) is the absorption at wavelength 4.

The transmittance of thin polymer films were measured from 350 - 900 nm in 2 nm steps with

a slit size of 2 nm.
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3.5 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a technique that allows for the measurement of several
properties of thin films, including refractive index (n), extinction coefficient (k) and thickness.
This is done by measuring the change in the intensity and phase of polarised light as it is
reflected from the surface of a thin film of material on a silicon substrate. These changes
allow for the thickness, n and k to be modelled. A Woollam M-2000V ellipsometer was used,

with a wavelength range of 370 - 1000 nm.

The optical constants of the material are calculated by characterizing the amplitude of the
light parallel and perpendicular to the plane of incidence (R, and R respectively). This gives

the reflectance ratio, p, as given in Equation 3.8.

R
p= R—S = tan(y) exp(id) Equation 3.8
P

where ¥ is the ratio of amplitudes and 4 the phase difference between the incident and

reflected light.

Using ¥ and 4, it is possible to determine the material properties using an optical model that
approximates the structure of the material being measured. This technique was used in
Chapter 4 : Air Stability of MoOx to calculate the thickness changes of MoOy over time on

adsorption of water. Data was acquired by Dr. Tao Wang.
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3.6 External Quantum Efficiency (EQE)

External Quantum Efficiency (EQE) is the ratio of the number of charge carriers collected at
the contacts of a solar cell per second to the number of incident photons of a given

wavelength shining on the solar cell per second as in Equation 3.9.

electrons/second
EQE(A) =

Equation 3.9
photons(1)/second quation

This gives information on the combined efficiency of several processes in the OPV, including
photon absorption, charge generation, separation and transport. An EQE of 100% means that
for a given wavelength, all incident photons are converted to free charges and collected at the
contacts. However, due to losses at many stages due to the aforementioned processes in 2.4
Photophysics of Organic Conjugated Polymers, OPV device EQE is < 100% for any given

wavelength of light.

EQE, once measured, can be used to calculate device Js using Equation 3.10 below.

Joe = z EQE X Photon Flux X e Equation 3.10
A

Where the photon flux (y s m?) is the number of photons at a given wavelength per second
per unit area, and e is the elementary charge of the electron. The values for photon flux are
calculated from the AML.5 solar spectrum. The product is summed over all wavelengths (A)

to give Jsc in mAcm™.

A Lot Oriel LSB117/5 halogen lamp was used as a light source in conjunction with a Spectral

Products DK240 monochromator. A Newport 818-UV calibrated silicon photodiode was used
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to measure a reference spectrum of the light source, and current measurements were taken
with a Keithley 237 source meter. EQE spectra were recorded over a 380 - 700 nm

wavelength range, and a MATLAB program controlled the measurement process.

An OPV device was loaded vertically into a holder on a movable stage that also housed the
Newport reference silicon photodiode. Focussing optics were used to focus the
monochromatic light onto the reference photodiode and a reference spectrum recorded, at
which point the stage was moved such that the light was focussed on one pixel of the OPV
device. The EQE of the pixel was then measured for the wavelength range in 2 nm steps, and

the process repeated for each pixel of the OPV device.

3.7 Laser Beam Induced Current Mapping (LBIC)

Laser beam induced current mapping (LBIC) allows for spatial characterization of the
electronic properties of individual pixels in OPV devices. The images that are produced of the
pixels allow for identification and localization of defects and their effects on device

performance, and so this technique is often used to study OPV degradation [7], [8].

The measurement principle is based on a point by point scanning of focused monochromatic
light across the surface of a pixel held under short circuit conditions. At the point of focus on
the surface, absorbed photons generate current, which is extracted and measured. The device
is positioned on a computer controlled x-y stage, which allows the focused light to scan over
the surface, building up a current map line by line as the laser is raster-scanned across the
surface. For analysis, the measured current is normalised to the incident light intensity and is

then interpreted as contrast variation in the LBIC image. Light areas indicate high generated
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photocurrent, whereas dark areas indicate reduced photocurrent, which corresponds to a loss

of local device functionality due to defects or other phenomena.

The setup used herein is as follows: A 405 nm laser diode with a power of 4 mW was focused
via a 50X Mitutoyo infinity-corrected objective lens to a spot size of <5 um. A model SR830
lock in amplifier and a Thor Labs optical chopper were employed to generate a clear signal. A
custom-made LabView computer program drove the stages and collected the data. The maps
in this work covered an area of 0.06 cm?, encompassing an entire pixel. Data was acquired by

Mr. Nick Scarratt.

3.8 Electroluminescence Mapping (ELM)

Electroluminescence mapping (ELM) of OPV devices allows for mapping of defects in a
completed device. The technique is based on detecting the radiative recombination of charges
in the active layer of a device under forward bias with a CCD camera. Areas of relatively high
luminescence indicate good charge transport characteristics, whereas areas with defects that
inhibit charge transport and recombination result in a relatively low luminescence. When used
in conjunction with LBIC, ELM allows for the identification and detailed mapping of defect

sites in a OPV active layer films for both new and aged devices.

A light-tight box with a 16 bit Apogee Alta F-series camera with an 8.3 mega pixel silicon
CCD detector with a resolution of ~ 10 um was used as the detector. Devices were injected
with a current that was equivalent to their previously measured Js, and a Keithley 2045 was

used as a four wire source unit.
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3.9 Lifetime Testing

In order to perform a statistically relevant and repeatable lifetime measurement of OPV
devices, a robust experimental setup is required. This requires that several solar cells are
tested simultaneously, and the environment of the testing chamber be monitored and
controlled, including humidity, temperature and light intensity. Key device operating
parameters (PCE, FF, Vo and Js) should also be measured periodically during testing to
monitor ageing of devices. With the publication of a consensus paper on testing protocols and
the advent of the international summit on OPV stability (ISOS) [9], standardised
methodologies have provided a framework for testing procedures and how data is reported,

increasing the rigor of a variety of tests from shelf-life to outdoor interlaboratory testing.

During the second year of my PhD, | assembled and calibrated the laboratory lifetime testing
setup used herein. This involved coding in MATLAB and SCPI to control both a Keithley
source meter, and a multiplexing unit used to address several devices at once. This code is

shown in the Appendix.

The following sections detail the design and calibration of the laboratory lifetime testing
equipment used in this thesis, including a thorough comparison of all aspects of the laboratory
lifetime testing system to the standard device testing system. The laboratory lifetime test setup
used herein conforms to the 1st level laboratory weathering test standard, ISOS-L-1, covered
in more detail in 3.11.1 ISOS Laboratory Weathering Testing, and the outdoor lifetime test
setup closely adheres to the 2nd level outdoor test standard ISOS-O-2, covered in more detail

in 3.11.2 ISOS Outdoor Testing.
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3.9.1 Laboratory Lifetime Testing Setup

The lifetime testing setup was custom built with an ATLAS Suntest CPS+ as the light source
and test chamber. The Suntest CPS+ consists of a large housing unit with a 1500 W air-cooled
xenon lamp and coated quartz filters to approximate the solar spectrum, with options to
control the temperature inside the test chamber and the irradiance in the 300 - 800 nm
wavelength range. OPV devices are housed in a chamber that is fully mirror coated to achieve
good irradiance uniformity over a 560 cm? area, and an air cooling unit that allows for

temperature control from 40 - 100°C.

OPV devices were characterised using a custom-made test board, which housed up to eight
OPV devices, and a multiplexing unit built by Ossila Ltd. The devices were connected to SIP
sockets in the test board using metal 'legs’, attached to the ITO contact strips at the edge of the
device substrates, as shown in Figure 3.14. The board also had eight silicon photodiodes and
four temperature sensors installed, with which the light intensity and temperature uniformity
across the board could be monitored. The test board was secured inside the Suntest CPS+ and
connected to the multiplexing unit, which allowed for the 48 pixels of the eight OPV devices

to be tested independently.

A Keithley 2400 source-measure unit was used to carry out IV sweeps of the devices and take
readings from the photodiodes and temperature sensors at pre-determined intervals. In
between JV measurements the OPVs were held at open circuit. The measurement process was
controlled by a MATLAB program, written for purpose (Appendix). The whole lifetime

setup is shown in Figure 3.15.
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Figure 3.14 (a) OPV device with electrical connection 'legs' attached to the ITO contact strips
at the edge of the substrate. (b) Shows the circuit board into which the OPV devices were

inserted, with devices number S1, S2 etc. The test board measured 100 x 100 mm.

Computer Running MATLAB ATLAS Suntest CPS+

Keithley K2400 Multiplexing Unit

Figure 3.15 Image of the lifetime testing setup with key features labelled.
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Due to the design of the test board and the reliance on reflected light to achieve 1 sun
intensity, no aperture masks were used when characterizing devices in the lifetime tester. This
introduced errors in measurement that are covered in more detail in 3.9.6 Pixel Size

Variation.

3.9.2 Light Source and Spectrum

The choice of light source is important for lifetime testing of OPVs, and several factors have
to be taken into account: cost, lifetime, uniformity of illumination, and match to the solar
spectrum. The three types of lamp that are commonly used for OPV lifetime testing are
sulphur plasma, xenon arc and metal halide global lamps. All need to be fitted with daylight
filters to better simulate the solar spectrum. The Suntest CPS+ system with its xenon arc lamp
and appropriate daylight filters was chosen for the lifetime testing system due to its good
match to the solar spectrum in the UV, visible and infrared as shown in Figure 3.16. The
spectrum was measured using a calibrated StellarNet Inc. Blue Wave USB spectrometer, and
is consistent with spectra from other xenon lamps reported in the literature [9]. It can be seen
that although there is a reasonably good match to the solar spectrum between 350 - 600 nm
range, the xenon bulb is less powerful in the 600 nm + range. However, as PCDTBT (the
polymer used in lifetime measurements in this thesis) absorbs in the 350 - 700 nm range, this
does not result in significant differences in measured photocurrent, discussed in more detail in

3.9.3 JV Mismatch.
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Figure 3.16 Spectra of the ATLAS Suntest CPS+ lifetime tester xenon bulb at 550 Wm™
setting and the AM1.5 solar spectrum. Spectra normalised to the same total intensity in the

350 - 1000 nm range.

The Suntest CPS+ allows for irradiance to be altered from 350 Wm™ to 750 Wm™, and it was
found that at 550 Wm the irradiance, including reflected light from the internal reflective
walls, achieved 1 sun intensity (1000Wm™) as measured by an NREL certified silicon
reference cell (Newport 91150). The system came with a computer controlled calibration tool
that allowed for fine-tuning of the lamp output and temperature control, as can be seen in
Figure 3.17. Calibration was carried out by setting the system to a specified irradiance and
temperature and leaving it to run for up to an hour. During this time, both the irradiance and

temperature were controlled by the Suntest CPS+, with the actual values measured by the
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calibration equipment every 10 seconds. The irradiance and temperature as measured by
calibration equipment could then be entered into the Suntest CPS+ to correct for lamp ageing

and other factors.

] XenoSoft

File Function Settings Info Help?

Device: Surtest CPS / CPS+

Sensor read
I Y Filter: Daylight reduced IR (B)

E [Wim3 [\ 300- 800 nm Startdate:  30.04.14
BST [°C] [ ANAN Starttime:  12:53:39
t= 0h 23 min

B00-

500-
400-
300~

200-

557 Wim?
H= 7684 kim?

Figure 3.17 XenoSoft software used to calibrate the irradiance and temperature in the Suntest

CPS+ equipment.

3.9.3 JV Mismatch

The effect of the spectrum of the xenon bulb on device performance was calculated by
loading devices in the lifetime test board and taking JV measurements under the Suntest CPS+
and Newport solar simulator without a pixel aperture mask. Different longpass filters were
placed on top of the devices to wavelength limit the incident light and allow for the
measurement of Js differences caused by differences in spectra over different wavelength

bands. Longpass filters only allow light through at wavelengths longer than their stated limit,
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and in the case where no filters were used the UV cut-off of glass at ~ 350 nm determined the
lower wavelength limit. The values for Jsc measured are shown in Table 3.4, and represents
the  values measured from 8 pixels over two devices with an
ITO/PEDOT:PSS/PCDTBT:PC7BM/Ca/Al architecture. The test was repeated for devices

with a MoO, HTL, the results of which are shown in Table 3.5.

PEDOT:PSS HTL

Longpass Filter Solaz rﬁ,ibrgzlrjrl]%t)or s Sun(tre}]s;\ gz%;r Jsc Error in Js (%)

None -11.7+0.4 -10.6+0.2 10
400nm -10.0£0.3 -8.8+0.2 12
455nm -8.6+0.3 -7.5+0.2 13
495nm -6.9+0.3 -5.7+0.2 17
550nm -4.5+0.1 -3.4+0.1 24
590nm -2.71+0.07 -1.87+0.06 31
645nm -0.80+0.02 -0.50+0.01 38

Table 3.4 Short circuit current density (Jsc) of OPV devices utilizing a PEDOT:PSS HTL,
measured using the Newport solar simulator and the ATLAS Suntest CPS+ with different

longpass filters. No aperture masks were used during the measurements.

It can be seen that for both devices types there is a 10% error in measured Jsc when there are
no filters used, with the error increasing significantly when the light is limited to above 550
nm. This corresponds well with the differences in spectra in Figure 3.16. However, the
spectral responses of the two device types are different. This is likely due to the compositional
differences of the devices, with different HTL materials and thicknesses (10 nm for MoOy and

30 nm for PEDOT:PSS) changing the absorption profile of the devices, and resulting in the
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varied responses to different wavelengths of light. The devices incorporating a MoOx HTL
showed a constant error of ~ 10% in Js. up to 495 nm at which point the error increased
linearly. In comparison, the devices incorporating a PEDOT:PSS HTL do not exhibit a

constant error in Js, but show a slightly greater error at all wavelengths.

MoOx HTL
Longpass Filter SoIaE rﬁ,ior\?;%?zt)or Jsc Sun(ts]s;\ S;SZ; Jse Error in Js (%)

None -9.9+0.3 -10.8+0.4 10
400nm -7.77%0.08 -8.6+0.3 9
455nm -6.72+0.08 -7.4+0.2 9
495nm -5.06%0.07 -5.9+0.2 14
550nm -3.04+0.04 -3.840.1 20
590nm -1.63+0.03 -2.2+0.07 27
645nm -0.44+0.01 -0.66%0.03 34

Table 3.5 Short circuit current density (Jsc) of OPV devices utilizing a MoOx HTL,
measured using the Newport solar simulator and the ATLAS Suntest CPS+ with different

longpass filters. No aperture masks were used during the measurements.

The effects of this error in measured Jg is discussed in more detail in 3.9.7 Discrepancies in

JV data.
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3.9.4 Light Uniformity

The light intensity variation inside the Suntest CPS+ chamber was mapped out using the
calibrated NREL silicon photodiode (Newport 91150, 2 x 2 cm detector size), and is shown in
Figure 3.18. This was carried out by first setting the irradiance to 550 Wm™ and holding the
temperature at ~ 40°C using the air cooling system. Several readings were taken from the
photodiode at fixed points, and averaged to give the values shown. The photodiode was

calibrated to give readings in 'suns', 1 sun being equal to 1000 Wm™ of AML1.5 light.

Suns

1.000
0.994
0.988
0.982
0.976
0.970
0.964
0.958
0.952

OPV Device

Test Board

Figure 3.18 Light intensity variation inside the ATLAS Suntest CPS+ chamber as measured
by a calibrated Newport 91150 photodiode. Scale is in suns. Location of lifetime test board

and OPV devices are labelled.

The test board was placed in the centre of the Suntest CPS+ chamber as shown. The variation
in light intensity was ~ 3% over the whole 100 x 100 mm test board and ~ 2.5% over the OPV
devices. This variation is corroborated by data gathered using the photodiodes on the test

board itself, shown in Chapter 5 : Hole Transport Layer Laboratory Lifetime Study.
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3.9.5 Source-Measure Unit Comparison

The use of two different source-measure units does not introduce any errors in the
measurement of JV characteristics, as can be seen in Figure 3.19 below for a device with an

ITO/MoO,/PCDTBT:PC7,BM/Ca/Al architecture.
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Figure 3.19 JV curves for the same device measured using the calibrated solar simulator and

two different source-measure units, the Keithley K237 and K2400.

However, the K2400 is slower than the K237, which leads to a minimum delay between

measuring any given pixel in a fully populated lifetime test board of ~10 minutes.
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3.9.6 Pixel Size Variation

As previously stated, the evaporation of the top contact defines the pixel area. For the
evaporation masks used, as shown in Figure 3.4, the size of the depression in which the
substrate fits has a tolerance of 100 um to allow for small variations in substrate size and ease
of use. This means that the position of the substrates in the mask can differ by up to 200 um
in both the x and y directions. Whilst this does not have an effect on pixel size if the offset is
in the y axis, it can have a significant effect on pixel size if the substrate is not perfectly

central in the x direction. This is illustrated in Figure 3.20.

(a) (b) (c)

LX | T | [ L[]

Central Offset - Larger Pixel Offset - Smaller Pixel

Figure 3.20 Variation in pixel size caused by misalignment of the top contact evaporation
mask. The area in red is identical in size in all images. (a) Shows the pixel size when the
substrate is perfectly aligned, (b) shows an x offset which increases the pixel size and (c)

shows an x offset that decreases the pixel size.

The pixel size when the substrate and mask are perfectly aligned, as in Figure 3.20 (a), is
0.04 cm?. However, due to the 100 pm tolerance in the mask design, the actual area can be as
large as 0.042 cm? (Figure 3.20 (b)) and as little as 0.038 cm? (Figure 3.20 (c)). When using
an aperture mask this does not result in measurement errors, as the size of the apertures are

smaller than even the minimum possible pixel size, at 0.0261 cm? Unfortunately, when not
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using an aperture mask, this inconsistency in pixel size leads to miscalculation of the Js. when
characterizing devices, as the MATLAB program is programmed to calculate current density
based on the ideal pixel size of 0.04 cm? as illustrated in Figure 3.21. Unfortunately, a
change in calculated current density 'shifts' the JV curve up or down the y axis, which alters
the point at which it intercepts the x axis, therefore changing the calculated value for V..
Calculation of the pixel size for individual devices proved to be prohibitively time consuming

and inaccurate.
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Figure 3.21 Effect of pixel size variation on JV characteristics. Here, the pixel size is greater
than 0.04 cm™ , shifting the JV curve in the -y direction, resulting in the calculated Js; and Vo

being greater than the actual value measured when using a calibrated aperture mask.
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3.9.7 Discrepancies in JV data

The combined effects of spectral differences between the two light sources and pixel size
variation result in different measured JV curves when devices are tested using the lifetime
tester or calibrated solar simulator. An example of this is shown in Figure 3.22 for an OPV
device with an ITO/MoO,/PCDTBT:PC;BM/Ca/Al architecture. Average device operating

parameters are shown in Table 3.6.
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Figure 3.22 JV curves for the same device taken using the lifetime testing setup without an

aperture mask and the solar simulator set up with and without an aperture mask.
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Testing Setup PCE (%) FF Voc (V) Jsc (MAcmM™)

Solar Simulator

A 5.25+0.06 64.9+0.6 0.90 -8.0+0.1
Solar Simulator ¢ 1,4 o7 64.140.3 0.92 110.420.1
(without mask)

Lifetime Tester 5.440.1 6020.3 0.88 -10.140.1

(without mask)

Table 3.6 Average operating parameters for an OPV device tested using the solar simulator
with and without an aperture mask, and the lifetime tester without an aperture mask. The
values quoted for Jsc (and PCE) for measurements taken without an aperture mask are not

accurate due to pixel size variation and are therefore for comparison only.

The general effect of measuring JV curves using the lifetime testing setup is to lower the
measured FF, V. and Js. of the devices due to the differences between the light sources, with

Jsc also affected by pixel size variation.

The measured V.. of devices is affected not only by light intensity but also by temperature
[10], [11], with an increase in light intensity leading to an increase in V., and an increase in
temperature leading to a decrease in Vo As the light intensity of the Suntest CPS+ was
calibrated to match that of the solar simulator, the observed loss in V. is likely due to the
temperature difference of the two systems, with the Suntest CPS+ running at around 40°C,

compared to the solar simulator which runs at room temperature (~ 25°C).

The loss in FF when devices are measured using the Suntest CPS+ is likely to be caused by
differences in the shape of the vertical absorption profile of the device active layer under
illumination at different wavelengths. OPV devices consist of several layers, each with
different refractive indices and layer thicknesses on the order of the wavelength of the

incident light. This layer stack forms an optical cavity, and the optical density in the layer
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differs for different wavelengths [12]-[14]. Varying the incident light spectrum has an effect
on the generation and transport properties of carriers at different depths in the active layer due
to variations in the optical density in the active layer. This has an effect on the shape of the JV
curve, which manifests as a change in FF [15], [16]. As the spectrum of the xenon lamp in the
Suntest CPS+ is different to that of the solar spectrum produced by the solar simulator, as
shown in 3.9.2 Light Source and Spectrum, this mechanism is likely the cause of the loss of

measured FF.

These factors combine to give a different measured device efficiency in the lifetime testing
setup when compared to that measured using the solar simulator. It has been discovered that
this effect varies in magnitude depending on the device composition and architecture, due to
the different layer thicknesses of the materials used leading to different absorption

characteristics.

Due to this discrepancy, only JV data from the calibrated solar simulator is shown in results
chapters, and any data collected from the lifetime tester is normalised to remove any errors

introduced by the setup.

3.10 Outdoor Lifetime Testing

In addition to laboratory lifetime testing, OPV devices were also mounted in a lifetime testing
setup on the roof of the Department of Physics at the University of Sheffield, England, UK.
The outdoor lifetime testing setup is shown in Figure 3.23, and included three environmental
chambers, each housing an OPV test board (with space for 8 devices) identical to that used for

laboratory lifetime testing shown in Figure 3.14 (b). The environmental chambers consisted
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of a milled aluminium block with a glass cover, sealed with an O-ring and filled with an
overpressure of nitrogen to prevent air ingress into the chamber. The overpressure of nitrogen
was maintained throughout the testing. A weatherproof metal case contained the electronics
and the computer used to control the measurement of the JV characteristics of the OPV
devices and monitor the temperature inside the environmental chambers. A National
Instruments PX1-4132 source measure unit was used to measure the JV characteristics of the
devices over the -1.0 to 1.0 V range in 0.02V steps every ~ 5 minutes, and a multiplexing unit
was used to allow for individual measurement of the 144 pixels of the 24 devices. In between

measurements, the devices were kept at open circuit as with the laboratory lifetime test.

The light intensity was monitored using a SPN1 Sunshine Pyranometer, which measured and
recorded the total and diffuse irradiance at the point of each JV measurement. The readings
from the four temperature sensors were also recorded at the point of each JV measurement.
This allowed for the effects of both irradiance and temperature on device performance every 5

minutes to be tracked throughout the course of the experiment.

The test protocol used herein is of the outdoor testing type, and closely adheres to the second
level of testing rigor, ISOS-0-2, the requirements of which are covered 3.11.2 ISOS Outdoor

Testing.

The device test chamber was mounted on a fixed platform facing south with a 30° orientation

to maximise incident light.
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Control Electronics  Pyranometer

Environmental Chamber OPYV Devices

Figure 3.23 Image of the outdoor lifetime testing setup with key features labelled. Photos

taken by Ellie Scott of Ossila Ltd.
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3.11 Lifetime Reporting

The most widely used metric used to describe OPV device lifetime is 'Tgo lifetime’, as
previously discussed in 2.9.6 Decay Behaviour. This is defined as the period of time that
elapses between the initial stabilised performance after burn-in, and the point at which 80% of
this efficiency has been reached. Along with this value, the time evolution of device JV
parameters (PCE, FF, Vo, and Js) give an indication of device stability. Other
characterization methods, such as LBIC, ELM and absorbance spectroscopy, give valuable

insight into degradation mechanisms that cause the loss in device performance.

With the advent of the annual International Summit on OPV Stability (ISOS) and the
publication of a consensus paper on testing protocols [9], the reporting of OPV device
stability and lifetime has been standardised. There are several tests commonly used for
lifetime testing, including shelf-life, thermal cycling, outdoor and laboratory weathering
testing, each with three levels of increasing rigor. The test protocol used herein for indoor
testing is of the laboratory weathering type, and conforms to the first level of testing rigor,
ISOS-L-1, the requirements of which are covered in the next section. The test protocol used

for outdoor testing conforms closely to the ISOS-0-2 requirements.

3.11.1 ISOS Laboratory Weathering Testing

Table 3.7 shows the basic requirements for the three different levels of ISOS laboratory
weathering testing. In all cases, the light source needs to match the solar spectrum as closely
as possible and other parameters, such as temperature and humidity, need to be monitored or

controlled.
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ISOS-L-1 ISOS-L-2 ISOS-L-3

(Basic) (Intermediate) (Advanced)
Light Source Simulator Simulator Simulator
Temperature Ambient 65/85°C 65/85°C
REYE RIUTRIE G Ambient Ambient Near 50%
(RH)
Environment . . .
Control Light Only Light & Temp. Light, Temp & R.H.
Chgracterlzatlon Solar Simulator Solar Simulator Solar Simulator
Light Source
Load Myp or Open Circuit My or Open Circuit Mop

Table 3.7 Simplified requirements for the different levels of laboratory weathering testing [9].

The details of 1SOS-L-1 testing requirements are shown in Table 3.8, along with the
matching aspects of the lifetime setup used in this thesis. In all cases the requirements for

ISOS-L-1 testing are met.

ISOS-L-1 Requirements Lifetime Setup
Test Setup Light Source Constant light source Yes - Constant light source
(close to AM1.5 - Xenon arc - close to
preferable) AML.5. See 3.9.2 Light
Source and Spectrum
Mounting Specimen's surface normal Yes
to light beam
Load Mpp tracking or Open Yes - Open Circuit
Circuit
Temperature Monitored, uncontrolled Yes - Monitored,
(temp) controlled
Relative Uncontrolled, ambient Yes - Uncontrolled,
Humidity (RH) ambient
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Irradiance Level

400-1200Wm2

Yes - 550 Wm™ (~ 1000
Wm? including reflected

light)
Performance In situ or with addition Yes - In situ
Measurement characterization step
Testing Temp/RH Monitor Specimen temp Yes - four temperature
Protocol and RH Sensors
Light Intensity Monitor Yes - eight photodiodes
JV Full JvV Yes - Full JV
Characterization
Minimum Daily to Weekly Yes - every 10 minutes
Measurement
Interval
Output Time Report Date Yes
Instantaneous Report PCE, FF, Vo, Jsc  Yesto all. JV curves from
Performance (JV curves if possible) solar simulator quoted. See
Parameters 3.9.7 Discrepancies in JV
data
Stability Time evolution of PCE, Yes - to all
Performance FF, Voc, Jsc. Tgo calculated
Parameters
Irradiance Report irradiance level and Yes - see 3.9.4 Light
uniformity Uniformity
Spectrum Report light spectrum Yes - see 3.9.3 IV
Mismatch
Temp/RH Report device temp during Yes
testing and storage. Report
ambient RH
Description of Report Yes - see 3.9.1

Setup

Laboratory Lifetime
Testing Setup

Table 3.8 Detailed requirements for ISOS-L-1 testing procedure [9] and the equivalent setup

for lifetime testing used in this thesis.
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3.11.2 ISOS Outdoor Testing

The details of 1SOS-O-2 testing requirements are shown in Table 3.9, compared to the
specification of the outdoor lifetime testing setup used in this thesis. The requirements for
ISOS-0-2 testing are met in all cases except for the relative humidity, which instead of being

ambient is close to 0%, as the environmental chamber was filled with nitrogen.

ISOS-0O-2 Requirements Lifetime Setup
Test Setup Light Source Direct Sunlight Yes
Mounting Static: Front side orientate Yes - Static
towards equator at latitude
angle
Load MPP tracking or Open Yes - Open Circuit
Circuit
Temperature Ambient Yes - Monitored
(temp)
Relative Ambient No - 0% as under nitrogen
Humidity (RH)
Performance Outside in sunlight Yes
Measurement
Testing Temp/RH Monitor Yes - Four temperature
Protocol Sensors
Light Intensity Monitor Irradiance. Yes - Pyranometer
Calculate accumulated
radiation
JV Full Jv Yes
Characterization
Minimum Every 15 minutes - 1 hour Yes - Every 5 minutes
Measurement
Interval
Output Location/Time Report latitude, longitude Yes:
and date

(53.380984, -1.486084)
1/8/14 - 08/12/14
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Instantaneous Report PCE, FF, Vo, Js¢ Yes

Performance (JV curves if possible)
Parameters
Stability Time evolution of PCE, Yes
Performance FF, Vo, Jsc. Tgo calculated
Parameters
Irradiance Pyranometer Yes - See Figure 3.23
Temp/RH Resistive thermal detector ~ Yes - average from four
temperature sensors
Description of Report Yes - 3.10 Outdoor
Setup Lifetime Testing and

Figure 3.23

Table 3.9 Detailed requirements for ISOS-0-2 testing procedure [9] and the equivalent setup

for outdoor lifetime testing used in this thesis.

3.12 Conclusions

The techniques and methods outlined in 3.1 Fabrication Techniques and 3.2 Device
Fabrication are used throughout this thesis to fabricate OPV devices. Details of material

processing conditions are given in chapters where they deviate from those given here.

In all chapters, OPV devices were characterised using the techniques and equipment discussed
in 3.3 Device Characterization with the calibrated Newport solar simulator and aperture

mask to assure accurate measurement of device characteristics.

Spectroscopic ellipsometry, covered in 3.5 Spectroscopic Ellipsometry, was utilised in
Chapter 4 : Air Stability of MoOx for the measurement of the hygroscopicity of MoOy

films.
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For the laboratory lifetime test of OPV devices in Chapter 5 : Hole Transport Layer
Laboratory Lifetime Study, the lifetime test equipment detailed in 3.9 Lifetime Testing was
used. The discrepancy in JV characterisation between the laboratory lifetime testing system
and Newport solar simulator, discussed in 3.9.7 Discrepancies in JV data, are accounted for

in all results.

LBIC and ELM techniques, 3.7 Laser Beam Induced Current Mapping (LBIC) and 3.8
Electroluminescence Mapping (ELM) respectively, were used to detect defects formed in
OPV devices aged in the laboratory lifetime testing setup in Chapter 5 : Hole Transport

Layer Laboratory Lifetime Study.

In Chapter 6 : Polymer Air Processing, absorbance spectroscopy and EQE measurements,
discussed in 3.4 Absorbance Spectroscopy and 3.6 External Quantum Efficiency (EQE)
respectively, were used to investigate the effects spin-coating the active layer of OPV devices

in air.

Finally, in Chapter 7 : Outdoor Lifetime Testing, the outdoor lifetime testing setup detailed
in 3.10 Outdoor Lifetime Testing was used to test the response of optimised OPV devices to
ageing in varying illumination and thermal conditions on a rooftop in Sheffield, England, UK

over the course of 4 months.
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Chapter 4 : Air Stability of MoOy

In this chapter, the optimization and air stability of OPV devices utilizing a molybdenum
oxide (MoOy) hole transport layer is reported. It is shown that on exposure to air, evaporated
MoOy HTL films adsorb water due to their hygroscopicity. Ellipsometry was used to measure
the adsorption rate of water into MoOXx films, and the effects of this adsorbed water on OPV
device operation were studied using device characterization. It was found that the adsorbed
water had a negative effect on OPV device performance, which can be mitigated with a
thermal annealing process. Using spectroscopic ellipsometry, it was observed that thermally
annealing MoOxy films in a glovebox before exposure to air densifies the films and reduces the
hygroscopicity by a significant degree, reducing the uptake of water into the films and
decreasing the negative effects of air exposure on OPV device performance [1]. Using this
thermal annealing treatment on MoOy films allowed for processing of a PCDTBT:PC7BM
active layer in air, resulting in devices whose performance exceeded that of devices processed

entirely in a glovebox.
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4.0 Introduction

Recent improvements in polymer:fullerene solar cell efficiency and stability have largely
come from the synthesis of new polymers that have lower lying HOMO levels and reduced
energy gap. A lower lying HOMO level has the twin benefit of allowing more of the energy
of each photon to be harvested due to better energy alignment to PCBM [2], while also
improving the stability of the material by making oxidation more difficult. As such, there has
been a recent trend for high efficiency OPVs to utilize polymers with HOMO levels in the
region of -5.1 eV to -5.5 eV, including PTB7 [3] (-5.15 eV) and PCDTBT [4] (-5.5 eV).
These materials contrast with more well-established polymer electron-donors such as P3HT

[5] and MEH-PPV [6] that have HOMO levels of around -5.0 eV.

To utilize these materials with lower lying HOMO levels also requires the use of hole
extraction contacts having a similarly low lying work-function. A variety of such interface
layers have been investigated, including transition metal oxides such as MoOy [5], WOy [7]
and VOx [8]. In particular, MoOy has been studied due to its low lying conduction band onset
(-6.7 eV [9]) and its ease of deposition via thermal evaporation [10], sputtering [11] and
solution processing [12]. When used as the hole transport layer (HTL) in an OPV device
containing an organic semiconductor with a large ionisation potential, the organic
semiconductor close to the MoOy interface has been shown to become p-doped as a result of
charge-transfer [9], with such interfaces supporting efficient hole-extraction [13]. This has
resulted in OPVs utilizing a MoOyx HTL and the polymer PCDTBT achieving power

conversion efficiencies of over 7% [14].
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4.1 MoO, Films and Ambient Conditions

However, whilst MoOy can be utilized to produce high-efficiency OPV devices, it is not
without problems. In particular MoOy is susceptible to loss of oxygen during evaporation
which can result in changes in stoichiometry and electronic energy levels [15]. This is
illustrated in Figure 4.1, where after use in one thermal evaporation the colour of MoOy

source pellets changes from green/yellow to dark grey.

Figure 4.1 Colour change of MoOy source pellets after one evaporation: (a) fresh pellets and

(b) pellets after one thermal evaporation.

In certain states MoOy is also hygroscopic, and can adsorb water to produce a hydrated crystal
within a few Langmuir [16] (defined as an exposure of 10 torr in one second). It is believed
that water species adsorbed into the MoOy crystal either reside between the MoOy clusters in
the bulk of the material, changing the cluster size and, as a result, the band gap [9], or are
weakly bound by Van der Walls forces on the surface [17], [18] as either H,O or hydroxide
ions [19]. Water adsorption can occur on timescales of a few tens of minutes even in a highly
pure nitrogen atmosphere with water levels of less than 1 ppm [16], and almost
instantaneously in air. This sensitivity suggests that understanding, and stabilizing, the

oxidation and hydration state of MoOy will be a key requirement for its use in OPV devices.
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4.2 MoOy Film and Device Preparation

MoOy films were prepared by thermal evaporation, discussed in 3.1.4 Thermal Evaporation.
2 - 4 mm pellets of molybdenum (V1) oxide were purchased from Testbourne Ltd and used as
received. MoOy was deposited via thermal evaporation under a vacuum of < 5E-7 mbar at a
rate of 0.2 As™ using fresh molybdenum (V1) oxide pellets for each evaporation due to the
change of oxidation state of the pellets as shown in Figure 4.1. A series of different films
were prepared; films for OPV devices were deposited onto cleaned ITO coated glass
substrates and had a thickness of 10 nm, whilst films for ellipsometry were deposited onto
silicon wafers, which were cleaned using the same process as the OPV substrates, and had a
thickness between 15 and 20 nm. The cleaning procedure is described in 3.1.1 Substrate

Cleaning.

OPV devices had a standard ITO/MoO,/PCDTBT:PC7,BM/Ca/Al architecture, with MoOy
forming the HTL and Ca forming the ETL. The PCDTBT used was the R3CH batch, the
details of which are shown in Table 4.1, and the PC;,BM used was 95% pure, the other 5%
being PCsoBM. Both materials were sourced from Ossila Ltd. PCDTBT:PC7,BM active layers
were deposited by spin-coating, as covered in 3.1.3 Thin Film Deposition, in either the
glovebox under inert atmosphere or in a Lamarflo workstation in air, to a thickness of 70 nm
as measured by a Dektak profilometer. The calcium and aluminium top contact (sourced from
Sigma-Aldrich, 99% and 99.99% purity respectively) was thermally evaporated at a pressure
of < 5*107 mbar in the evaporation chamber to a thickness of 2.5 nm and 100 nm

respectively.

In situ spectroscopic ellipsometry was used to study the uptake of moisture and the effects of
thermal annealing on MoOy, the methodology of which is discussed in 3.5 Spectroscopic

Ellipsometry.
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PC7BM

Polymer Source My My, PDI Blend Ratio

PCDTBT  UoS Chem. 36,700 17,000 2.15 1:4
(R3CH) Dept

Table 4.1 Polymer name, source, M,,, M,, PDI and optimized PC7,BM blend ratio for the

PCDTBT batch (R3CH) used in this chapter.

4.3 OPV Performance

Initially, the effects on device performance on exposing MoOx HTL films to air was
investigated. Freshly evaporated MoOy HTL films on OPV substrates were removed from the
glovebox, exposed to air for between 2 - 60 minutes, and then returned to the glovebox. The
active layer and the Ca/Al top contact were deposited without any further exposure to
atmosphere. OPV devices were also fabricated without exposing the MoOx HTL films to air.
The devices whose MoOy, HTLs were exposed to air are referred to as 'Air Exposed' devices,
and those not exposed to air are referred to as 'Reference’ devices from here on. The device
operating parameters are shown in Table 4.2. In all cases, values quoted for device operating
parameters are the average of 12 pixels across three devices, with the worst 25% of pixels
removed to account for gross film defects. JV curves for Reference and Air Exposed devices

(with 10 minute exposure time) are shown in Figure 4.2.
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MoOy Exposure

Time (minutes) PCE (%) FF Ve (V) Jse (MAcm™?)
0 (reference) 4.8+0.1 61.0+0.9 0.86 -9.0£0.2
2 3.5+0.2 48+4 0.80 -8.940.3
4 3.6+0.3 48+4 0.80 -9.1+0.2
10 3.7£0.2 49+4 0.80 -9.0+0.4
20 3.5+0.2 48+3 0.80 -9.1+0.2
60 3.4+0.3 48+4 0.80 -9.0£0.2

Table 4.2 Operating parameters for OPV devices where the MoOx HTLs have been exposed

to air for between 2 and 60 minutes.

Photocurrent (mAcm”)
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Figure 4.2 JV characteristics for Reference and Air Exposed OPV devices (10 minutes of air

exposure).
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It can be seen that exposing MoOx HTLs to air for short periods of time, before active layer
deposition in a glovebox, results in a reduction in device performance due to a loss of V. and
FF. This reduction in PCE is attributed to adsorption of water into the bulk of the MoOy film
on exposure to air. Previous measurements have shown that MoOy is hygroscopic and that its
work-function is sensitive to exposure to water, and can change by up to 1.2 eV almost
instantaneously on contact with moisture in the atmosphere [16]. Other studies have
concluded that this results from a change in hydration state [9], with X-ray scattering used to
demonstrate the presence of water molecules adsorbed within the MoOy crystal [20]. When
used with PCDTBT, the large electron-affinity of MoOy (-6.7 eV) permits charge-transfer
doping of the PCDTBT around the MoO,-PCDTBT interface. However, the work-function of
the hydrated form of MoOy is lower lying by up to 1.2 eV [16], with such a reduction in
work-function reducing p-type doping and thus resulting in internal charge extraction losses
as confirmed by a reduction in Vo and FF as can be seen in Table 4.2. It can be seen that the
negative effect on device performance does not vary for air exposure times, indicating that the

process of water adsorption is very fast, a result in agreement with previous studies.

To explore whether this reduction in device efficiency as a result of air exposure could be
recovered, thermal annealing was used under an inert atmosphere to attempt to remove
moisture from the film. The approach here is based on previous work in which it has been
shown that thermal annealing at temperatures up to 120°C can modify the hydration state of
thin film MoOy, with higher temperatures altering the oxidation state [20]. To test such an
approach, MoOx HTL films were exposed to air for 5 minutes, and on return to the glovebox
were thermally annealed at temperatures between 80 - 150°C for 30 minutes after exposure to
air, with device operating parameters shown in Table 4.3. It should be noted that OPV device

characteristics quoted in Tables 4.2-4.5 represent individual batches of devices fabricated on
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different days. Tables 4.5 and 4.6 show partial data from the same device batch. Slight
variations in fabrication procedure can lead to differences in device characteristics even if the
devices are nominally identical. Variations in Jsc and FF due to active layer blend differences
are common as fresh blend solutions were prepared for each device batch, leading to minor

differences in blend ratio, concentration and final film thickness.

MoO, Annealed After Exposure to Air

MoOy Annealing

Al e PCE (%) FF Voc (V) Jsc (MAcm?)
Reference 4.8+0.1 60.4+0.9 0.86 -9.3+0.2
0 4.0£0.2 52+2 0.80 -9.440.2
80 3.9+0.1 53+1 0.80 -9.240.2
100 4.0£0.1 53.520.5 0.80 -9.440.2
120 4.1+0.1 55.7+0.4 0.80 -9.240.2
150 4.1%0.2 57+1 0.79 -9.0+0.4

Table 4.3 Operating parameters for OPV devices whose MoO, HTLs had undergone thermal
treatment in a glovebox at temperatures between 80 - 150°C for 30 minutes after exposure to

air. The MoOy HTLs were not exposed to air or annealed in 'Reference’ devices.

It can be seen that thermally annealing MoOx HTL films after exposure to air results in no
improvement of average PCE compared to 'Air Exposed' devices, regardless of the
temperature at which the HTL films were annealed. It is likely that this failure to recover OPV
efficiency results from incomplete removal of adsorbed water in the bulk of the films,
resulting in a reduced work-function and poor charge extraction at the MoOx-active layer

interface.
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The effects of applying the same thermal treatment to a MoOy film before it was exposed to
air (referred to as ‘Annealed before Exposure’) was also investigated, with the JV

characteristics of devices shown in Table 4.4.

MoO, Annealed Before Exposure to Air

MoOy Annealing

. PCE (%) FF Ve (V) Jse (MACmM?)
Reference 5.06+0.06 62.7+0.2 0.86 -9.4+0.1
0 4.0+0.1 52+1 0.80 -9.5+0.3
80 4.6+0.2 57+2 0.85 -9.5+0.1
100 4.89+0.07 59.4+0.4 0.86 -9.57+0.06
120 4.89+0.05 59.8+0.3 0.86 -9.51+0.09
150 4.84%0.05 60.6+0.4 0.85 -9.4+0.1

Table 4.4 Operating parameters for OPV devices whose MoOy HTLs had undergone thermal
treatment in a glovebox at temperatures between 80 - 150°C for 30 minutes before exposure to

air for 5 minutes. The MoO, HTLs were not exposed to air or annealed in 'Reference’ devices.

Here it can be seen that thermally annealing the MoOy HTL films before exposure to air (for 5
minutes) prevents the significant loss in device efficiency seen in the 'Air Exposed' devices.
The reasons for this are discussed in 4.3 Water Adsorption. For thermal treatments before or
after exposure to air, 100°C or 120°C for 30 minutes resulted in the best performing devices.
Higher temperatures (150°C) resulted in losses of V., likely due to changes in the
stoichiometry of MoO [20]. 120°C was chosen as the optimal thermal treatment temperature
as it consistently gave the highest performing OPV devices over multiple device batches in

addition to those shown here.
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A final batch of devices was fabricated to allow for comparison between the effect of optimal
thermal treatment on device performance either before or after exposure to air. As a control,
the optimal thermal treatment was also applied to MoOy films that were not subsequently
exposed to the atmosphere. These devices are referred to as ‘Annealed, not exposed’. The

average device operating parameters are shown in Table 4.5 and JV characteristics in Figure

4.3,
Comparative Study of Thermal Treatments

PCE (%) FF Voo (V) Jsc (MACM™®)
Reference 5.00 + 0.09 58.1+0.7 0.85 -10.21 +0.11
Annealed, not exposed )
(120°C 30mins) 5.10 + 0.04 58.7+0.3 0.85 10.31+0.12
Air exposed (10 minutes) ~ 4.48+0.07  53.6+0.8 0.80 -10.45 +0.09
Annealed after exposure
(120°C 30mins) 4.50 +0.07 56.2 + 0.6 0.78 -10.29 + 0.09
Annealed before exposure 556,019 57.0+06 0.85 -10.51 +0.11

(120°C 30mins)

Table 4.5 Operating parameters for OPV devices whose MoOx HTLs had undergone different

thermal treatments and air exposure steps.

Again, it can be seen that thermally annealing a film after air exposure results in no
improvement of average PCE, with devices having an efficiency of (4.50 £ 0.07)% compared
with Air Exposed devices (4.48 + 0.07)%. Such a process does not recover the efficiency of
the Reference devices (5.00 + 0.09)%. However, OPVs having a MoOx HTL annealed at
120°C for 30 minutes before exposure to air had an average PCE of (5.06 £ 0.10)%; an
efficiency comparable to that of the Reference device (5.00 + 0.09) and larger than that of

devices that were air exposed without prior thermal treatment (4.48 + 0.07)%. This suggests
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that annealing promotes a film structure that slows down the adsorption of water. The
annealing process does not appear to affect the efficiency of the annealed MoOy film that was
not exposed to the atmosphere, as the efficiency of the 'Annealed, not exposed' OPV devices

is (5.10 + 0.04)%.

2 T T T r T T T
Reference
04— Annealed, Not Exposed
Air Exposed
n.-’; -2 Annealed After Exposure .
g Annealed Before Exposure
E _4 - -
% e
£ -64 .
=
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Bias (V)

Figure 4.3 JV characteristics for OPV devices with varying thermal treatments and air

exposure protocols for MoOyx HTLs. JV data from best devices from Table 4.5.

4.3 Water Adsorption

To test the hypothesis that thermal treatment of MoOy films before exposure to air slows
down the adsorption of water, spectroscopic ellipsometry was used to explore the rate at
which MoOxy films undergo swelling as they are exposed to air. Here, two nominally identical
20 nm thick MoOy films were deposited on to silicon wafers, with one film initially thermally

annealed at 120°C for 30 minutes in the glovebox and the other left unannealed. The results of

Chapter 4 : Air Stability of MoOx Page 133



this experiment are shown in Figure 4.4, where the % change in film thickness as a function

of exposure time is shown. It can be seen that the unannealed MoOy film undergoes an

increase in thickness of around 1.30% over the course of the experiment, while the film that

was initially thermally annealed undergoes a much smaller increase in thickness (around

0.18%). This process has a time constant of 10s of minutes, and is significantly longer that

reported elsewhere on the basis of in-situ XPS data [16]. However the ellipsometry

measurements probe the bulk of the film rather than being sensitive to the properties of the

surface alone, which is likely to undergo much faster changes. The findings demonstrate a

correlation between the uptake of moisture by a MoOy film and reduced device efficiency,

and confirm the speculation that thermal annealing suppresses the uptake of moisture, thereby

resulting in a smaller change in work-function and thus improved device performance.

1.5

Thickness Change (%)
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1_0_._ __________________ I i
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Figure 4.4 % thickness change over time for annealed and unannealed MoOy films exposed to

air.
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The thermal annealing process results in a densification of the MoOy film, thereby reducing
its porosity and limiting its ability to adsorb moisture, with such a densification process
resulting from thermal annealing previously observed in other metal-oxide films [17].
Ellipsometry was again used to measure changes in the thickness of a pristine MoOx film as it
was annealed at 120°C for 30 minutes in a nitrogen atmosphere and then returned to room
temperature. The results of which are shown in Figure 4.5. The initial increase in thickness is
due to thermal expansion, but on return to room-temperature the thickness of the MoO film
was reduced by 0.19%, suggesting an increase in density of the same order. This increase in
film density most likely results from a reduction of the volume of voids between grains in the
MoOy crystal, thereby reducing its ability to adsorb water. This increased density and
reduction in voids between MoOy crystals results in the reduced hygroscopicity of the

thermally annealed MoOy film on exposure to air in Figure 4.4.
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Figure 4.5 % film thickness change for a MoOy film thermally annealed for 30 minutes at

120°C in a nitrogen atmosphere before being returned to room temperature.
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The effects of water adsorption and thermal annealing on MoOy energy levels were studied
with the use of x-ray photoelectron spectroscopy (XPS) and ultra-violet photoelectron
spectroscopy (UPS) techniques. XPS confirmed the presence of O-H (water) bonds within
MoOy films that had been exposed to air, with fewer bonds present in those that had been
thermally annealed. A shift in the MoO, HOMO level between samples was also measured by
UPS. However, due to the nature of the equipment used, there was no opportunity to
measured a pristine sample of MoOy that had not been exposed to air as the samples were
loaded into the equipment in an ambient atmosphere. Therefore, with no reference with which
to compare the results to, no strong conclusions could be drawn, and the results have been left

out of this thesis.

4.4 Air Processing Photoactive Layers

It is possible to use this enhanced stability of MoOy to air exposure on thermal annealing to
explore the processing of the active semiconductor under ambient conditions. OPV devices
were fabricated in which the PCDTBT:PC,BM blend was spin-coated in air under a
Lamarflo workstation before being returned to the glovebox for cathode evaporation and
encapsulation. Here, the active layer was deposited on untreated MoOy films and on MoOy
films that had been thermally annealed in a glove-box at 120°C for 30 minutes prior to
exposure to air. Such devices are identified as ‘Air processed’ and ‘Annealed, air processed’.
The JV curves of the devices are shown in Figure 4.6, with device operating parameters

summarized in Table 4.6.
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Air Processed Devices

PCE (%) FF Vo (V) Ji (MACM?)
Reference 5.00 +0.09 58.1+0.7 0.85 -10.21£0.11
'aggfg'gg};‘i%ts)e"posed 510004  58.7+0.3 085  -10.31+0.12
Air processed 498 £0.12 57.7+£1.2 0.85 -10.12 £ 0.09
Annealed, air processed 526 + 0.04 60.2 + 0.4 0.86 -10.17 + 0.06

(120°C 30mins)

Table 4.6 OPV operating parameters for devices with air processed active layers. Devices

fabricated in the same batch as those in Table 4.5.

T Reference l/
01— Annealed, Not Exposed
Air Processed
2 ]

Annealed, Air Processed

Photocurrent (mAcm™)

. . , . : .
0.0 0.2 0.4 0.6 0.8 1.0
Bias (V)

Figure 4.6 JV characteristics for OPV devices with air processed active layers.

Devices processed in air on MoOy films that were not initially thermally annealed (4.98 +
0.12)% had efficiencies comparable to the Reference devices, and devices in which the MoOy
film was initially thermally annealed before air exposure, with the PCDTBT film then

deposited in air had a slightly higher average efficiency (5.26 £ 0.04)% (with one device
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having an efficiency of 5.36%) compared to devices that were thermally annealed and then
processed in the glovebox (5.10 + 0.04)%. This small, but surprising, improvement in
efficiency results from improved V.. and FF, indicating that spin-coating the active layer in
air onto thermally annealed MoOy films is apparently beneficial to charge extraction at the

polymer-MoOy interface.

We speculate that this improvement in device efficiency does not result from changes in the
active organic layer, as no apparent changes are detected in Js.. Rather, the improvement
derives from the presence of a thin layer of a water species on the surface of the MoOy film.
Such a surface-bound layer is apparently not detrimental to device efficiency (as opposed to
water adsorbed within the MoOy film that reduces the work-function), as it will result in the
formation of a dipole, due to the charged nature of the water species chemically bound to the

surface [18], [21].

This dipole layer may then promote charge extraction, resulting in improved device efficiency
as seen in 'Air Processed' and 'Annealed, Air Processed' devices via an improved V. and FF.
This improvement is not seen in devices in which the active layer was deposited in the glove
box, as the weakly bound water species on the surface of air exposed MoOy films are likely to
be partially removed in the vacuum load-lock on re-entry to the glovebox. Therefore, the
devices in which the active layer was spun in air show an improvement over devices prepared
in the glovebox as water species are still present on the surface of the MoOy when the active
layer is deposited. It is possible that the active layer ‘locks in' the water dipole layer,
preventing its removal on re-entry to the glovebox. In 'Air processed' devices, in which the
active layer was deposited in air on a MoOy film that was not initially annealed, water is still

adsorbed into the bulk of the film, resulting in less efficient devices than the 'Annealed, air
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processed' devices. However, due to the presence of a water dipole layer between the MoOy

film and the active layer, the device efficiency is still greater than the 'Air exposed' devices.

4.5 Conclusions

In summary, the effects on OPV device performance of exposure of MoOy HTLs to air has
been studied, and thermal treatments to stabilize the MoOy film developed. As MoOy films
are hygroscopic, spectroscopic ellipsometry measurements have shown that air exposure
results in a swelling of the MoOy on adsorption of water that is detrimental to device
efficiency. However by applying an initial thermal anneal to the MoOy film, this uptake of
water can be suppressed; a process that results from film densification. This result is then used
to fabricate OPV devices based on a blend of PCDTBT:PC7BM, with the active
semiconductor layer spin cast in air. Such air-processed devices had an average value for PCE
of (5.26 + 0.04)%; a value significantly larger than that of devices in which no thermal anneal
process was applied that were fabricated inside a nitrogen-filled glovebox (5.00 + 0.09)%.
This promising result suggests that the active layers of a polymer photovoltaic device can be
fabricated using an air-based processing route; a result that may be of significant benefit in the

development of a low cost, high volume manufacturing process.
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Chapter 5 : Hole Transport Layer
Laboratory Lifetime Study

In the previous chapter, details were given regarding the air stability of MoOy and its
suitability as a hole transport layer (HTL) in OPV devices. In this chapter, the fabrication and
optimization of OPV devices utilizing a PCDTBT:PCBM active layer and three different
HTL materials, MoOy, PEDOT:PSS and vanadium oxide (V,Oy), is presented, with all
devices having initial PCEs in excess of 5%. A detailed lifetime study was then carried out on
the devices for 620 hours in the laboratory lifetime testing system, with JV characterization,
LBIC and ELM used to investigate device degradation and image defects present in the
devices on ageing. It was found that a PEDOT:PSS HTL afforded devices the highest degree
of stability, with Tgy lifetimes extrapolated to 14,500 hours (~ 7 years). LBIC and ELM
images clearly show a reduced density of defects in the devices with a PEDOT:PSS HTL
when compared to MoOy and V,0y on ageing. The lifetime study carried out here in conforms

to the 1ISOS-L-1 standards as covered in 3.11.1 ISOS Laboratory Weathering Testing.
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5.0 Introduction

Much work on OPV degradation processes have studied devices based on the material poly(3-
hexylthiophene) (P3HT) [1]-[4], with lifetimes of up to 3 years reported [4]. More recently,
outdoor interlaboratory studies have produced devices based on P3HT having extrapolated
lifetimes in excess of 5 years [5], with laboratory studies demonstrating extrapolated device

lifetimes of up to 10 years in OPVs based on polymer system PCDTBT:PC7,BM [4], [6].

To improve OPV stability and lifetime, most work thus far has focused on understanding
degradation processes within the polymer:fullerene active semiconductor layer. However
several studies now report the effect of changing other interlayers in a device [7]-[10],
although this work is almost exclusively based on OPVs based on the polymer (P3HT). The
polymer P3HT has been largely superseded by new generations of low energy-gap donor-
acceptor polymers that have significantly enhanced PCE, in particular the polymer PCDTBT.
Studies on PCDTBT have explored device stability and degradation pathways [4], [9], [11]
and have concluded that polycarbazole polymers have a high degree of photostability [12], as
shown in Chapter 6 : Polymer Air Processing, and can be used to create devices having
extended operational lifetimes [4]. The comparatively high degree of stability afforded by
PCDTBT thus presents an opportunity to test the effect of a variety of different hole transport
layer (HTL) materials and determine their relative role in contributing to device stability. To
this end, OPV devices have been fabricated using a PCDTBT:PC7,BM OPV (PCDTBT M137
batch from Ossila Ltd) active layer that utilize a range of different hole-transporting layers
including PEDOT:PSS, MoOy and V,0x. Device PCE was recorded under simulated solar
radiation over a period of 620 hours, and it was found that a PEDOT:PSS HTL afforded

devices the highest degree of stability, with Tg, lifetimes extrapolated to 14,500 hours.
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5.1 Hole Transport Layer Materials

The devices fabricated for this study were based on the standard device architecture of
ITO/HTL/PCDTBT:PC;,BM/Ca/Al, in which the hole transport layer was either composed of
MoOy, PEDOT:PSS or V,0«. 10 nm MoOy HTL films were prepared as in Chapter 4 : Air

Stability of MoOx and were left unannealed.

5.1.1 PEDOT:PSS

PEDOT:PSS is a material that has been widely explored as a hole-transporting layer as it
combines several characteristics that are desirable for OPV applications, including high
conductivity and good film transparency [13]. When used as an interlayer between ITO and
the active layer of an OPV, PEDOT:PSS aids extraction of charges across the interface and
planarizes the surface of ITO [14], reducing the number of shorts and inhomogeneities formed
at the interface. It also increases the work function of the ITO anode, permitting energy level
matching with the donor polymer in the active layer. Thin films of PEDOT:PSS are however
extremely hygroscopic [15], and post deposition thermal treatments are needed to remove any
remaining water in the films, the effects of which are discussed in more detail in Chapter 6 :

Polymer Air Processing.

The PEDOT:PSS solution used herein (Heraeus Clevios™ P VP Al 4083), had a ratio of 1:6
PEDOT to PSS and was filtered through a 0.45 um PVDF filter to remove any aggregates
before use. To fabricate PEDOT:PSS HTLs, the PEDOT:PSS solution was spin-coated onto
cleaned ITO coated substrates at 6000 rpm for 30 s in air to form a ~ 30 nm thick film, and
then annealed on a hot plate in air for 10 minutes at 150°C, following which they were

transferred to the glovebox.
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5.1.2 Vanadium Oxide

Vanadium Oxide is a transition metal oxide that has been extensively used as a hole transport
layer in OPVs. It can be deposited by thermal evaporation [16] and a variety of solution
processes [17]-[20], and has a work function of 5.6 eV [17], making it well matched for hole

extraction from polymers having deep HOMO levels such as PCDTBT.

A facile synthetic process was used to form uniform thin layers of V,0y from solution [17].
The precursor used was vanadium oxytriisopropoxide [OV(OCH(CHj3),)s], the structure of
which is shown in Figure 5.1. The vanadium oxytriisopropoxide precursor was sourced from

Sigma-Aldrich and used as received.

CH,
H4C o
O—U—O
HC c‘n CHj
H,C
CH;

Figure 5.1 Chemical structure of vanadium oxytriisopropoxide, OV(OCH(CHz),)s.

V,0x HTL films were spin-coated in air to allow for hydrolysis of the vanadium
oxytriisopropoxide precursor, the chemical reaction of which is shown in Equations 5.1 and

5.2.
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2.0V(OCH(CHj3),)s + 6.H,O — 6.C3H;0OH + VO4H3 Equation 5.1

2.VOsH; — V,04 + 3.H,0 Equation 5.2

For Equation 5.1, in the presence of water vapour, H* cations cleave the alkyl chain
(CH(CHg)) in the vanadium oxytriisopropoxide precursor and bind to the singly bound
oxygen on the vanadium oxide, forming VO4H3, whilst OH™ anions bind to the alkyl chain and
produce isopropanol (CsH;OH), which evaporates. In Equation 5.2, the vanadium
intermediary molecules (VO4H3) react together, releasing water, and form vanadium oxide

(V20y).

The vanadium oxide precursor solution was spin-coated at 3500 rpm to form films ~ 5 nm
thick, which were left in air for 45 minutes to allow for the hydrolysis process to undergo
completion and form an amorphous and extremely smooth V,0Oy layer. No annealing steps

were necessary.

5.2 Device Lifetime

In all cases, OPV devices were fabricated, characterized and placed in the lifetime tester on
the same day. The devices were tested for a total of 620 hours under constant illumination,
during which time they were periodically removed for other brief tests including JV
measurements under the Newport solar simulator. This was done due to the spectral mismatch
between the calibrated Newport solar simulator and the Suntest system as detailed in 3.9.2
Light Source and Spectrum. Due to this discrepancy, all device metrics quoted here (PCE,

FF, Voc, Jsc and Tgo) were determined from JV scans measured using the calibrated Newport
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solar simulator, with data recorded using the ATLAS is included to highlight general trends in

device metrics as they undergo aging.

The light intensity and temperature inside the test chamber, as measured by the photodiodes
and temperature sensors on the test board, are shown in Figure 5.2. It can be seen that the
light intensity was extremely stable over the course of the experiment. However, the
temperature fluctuated in a regular pattern that followed the room's occupancy during a
working week as a result of the building's heating and air-conditioning systems. At the
weekend, when the room was not in use, the temperature readings were steady (for example,
at the beginning of the test). This led to an daily increase in the temperature inside the test
chamber of ~ 3°C. Regardless of this, the measured values for light intensity and temperature
stayed within accepted variance as stipulated by the 1ISOS-L-1 test protocol for the duration of

the test.

6010 1T 71— T %

—_— 4
Z 50x10
) ~
o 130 &
o L
S 4.0x10" 35
2
= =
. 12 &
.2 =
&S, 5
£ 3.0x10* =
= P - 10
Q—( .
u  Photodiode
» Temperature
2.0x10* : . . i : . : . . i . I 0
0 100 200 300 400 500 600

Time (Hours)

Figure 5.2 Mean values for temperature and light intensity as measured by the temperature
sensors and photodiodes on the lifetime test board. Error bars represent standard deviation

around the mean.
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In Figure 5.3, the average values of PCE, FF, Vy and Js, determined from the different
devices are shown as a function of irradiation time in the Suntest chamber. Here, data is
normalized to their initial values, with the data shown representing the average values for the
pixels determined every 10 minutes. Ji. and PCE are corrected to account for intensity
fluctuations in the Suntest xenon lamp, which varied by less than £ 5% over the course of the

experiment.
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Figure 5.3 shows PCE, V., Jsc and FF for devices utilising the different HTL materials as a
function of irradiation time under the ATLAS solar simulator. All data is normalised to its
initial value determined at t = 0. In each part, data is plotted as measured every 10 minutes
using the ATLAS solar simulator (solid lines) and every 3 days using the calibrated Newport
solar simulator (circular data points). The decay in PCE (determined using both types of solar
simulator) is fitted to a straight line (dashed line or dotted line) for times beyond the burn-in

period (t > 250 hours). This linear fit to the PCE is used to determine the Tgo decay lifetime.
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All devices undergo a burn in phase that lasts for ~ 250 hours, in which the FF and Jg
decrease at an exponential rate, after which the decay follows a linear trend. In Table 5.1 the
average values of PCE, peak EQE, FF, V. and Js; (and their uncertainties) are shown for all
devices before and after lifetime testing with corresponding JV and EQE curves shown in
Figure 5.4 and Figure 5.5 respectively. A linear-fit to the PCE data (after the burn-in period)
was used to determine the Tgo lifetime of the devices using the data from the ATLAS and

Newport solar simulators (plotted using coloured dashed lines).

The initial burn-in that is observed in all devices (see Figure 5.3) is believed to originate from
photochemical reactions in the PCDTBT:PC;,BM blend that adversely affect its charge
transport properties [4], [9], [11], [21]. The EQE spectra recorded before and after irradiation
(see Figure 5.5 (a) and (b) respectively), indicate a general reduction in quantum efficiency
without any change in spectral shape; a result consistent with a degree of photooxidation (note
that there is a systematic error in EQE measurement of ~ 10% but results agree with Jgc within
experimental error). Here, photochemical reactions in PCDTBT result in an increase in the
density of sub-bandgap and trap states that lead to a reduction in hole mobility [9]. Other
work has demonstrated that the inclusion of PCBM in the blend film slows down the rate of
photo-oxidation by quenching the excited state, however oxidation of the fullerene itself can
lead to a reduction in carrier mobility by inducing deep trap states inside the PCBM domains
[21]. The formation of trap states saturates over time, which results in an end to the burn-in

phase and subsequent linear decay [9].
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PCE (%) Peak FF Ve (V) Jsc

EQE (%) (mAcm™)
Molybdenum Initial 5.19+0.07 54.7+0.1  64.6+0.7 0.91 -8.940.1
Oxide
(MaO,) Final  2.7+0.1  47.4402  43.9+0.9 0.87 7.040.2
Initial ~ 5.620.2  63.740.2  65.9+0.9 0.85 -9.9+0.2
PEDOT:PSS
Final 34402  56.6403 46+l 0.89 -8.3+0.4
Vanadiym  INitial  52:02  584$01  65:1 0.85 -9.4+0.1
Oxide (V20x)  rinal 118004 43.7+0.1  36.84038 0.51 -6.3+0.1

Table 5.1 Average values for PCE, FF, Vcand Js were calculated from 12 pixels across two
substrates, as measured using the Newport solar simulator, where the worst 25% of pixels
were discarded due to film defects. The error quoted on all measurements is based on the

standard deviation around the mean.
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Figure 5.4 Part (a) shows initial JV characteristics for devices, with part (b) showing device

JV characteristics after 620 hours of lifetime testing.
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Figure 5.5 Part (a) shows initial EQE for devices, with part (b) showing device EQE after

620 hours of lifetime testing.

It can be seen in Figure 5.3 that that devices utilizing a PEDOT:PSS HTL underwent a rapid,
initial burn in phase that was dominated by a reduction in FF and Js. that then stabilized after
60 hours. Significantly, the V. of such devices also underwent an initial and rapid reduction
(over a period 5 hours) but then recovered and stabilized over a period of 200 hours to a value
that was some 15 mV higher than the initial Vo, This is speculated to result from charge
transfer from the PEDOT:PSS to the active layer [22], [23]; a process that alters the work
function of the PEDOT:PSS surface and thus facilitates charge transfer. Note that the
PEDOT:PSS used here is known to be acidic (pH ~ 2 [24], [25]), and has been shown to react
with the ITO anode [26]-[28], resulting in degradation of device efficiency. It is possible that
the use of different grades of PEDOT:PSS having a more neutral pH may well reduce the

observed drop in efficiency during the initial burn-in period.

It was found that the PCE, FF, J, and V, of devices based on MoOy or V,04 HTLs degraded
at a significantly faster rate than that of the PEDEOT:PSS based devices, both during the
burn-in period and in the subsequent linear decay phase. In MoOy HTL devices, the overall

reduction in PCE is dominated by the reduction in FF and J, with the V. only undergoing a
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relatively small reduction (by 4%) over 620 hours. In contrast, in V,04 HTL devices, the Vo
reduced by 40% over the 620 hours of testing. This reduction was also accompanied by
significant reductions in PCE, FF and Js. as can be seen in Table 5.1 resulting in the largest
loss in device PCE. However, the vanadium oxytriisopropoxide precursor is a Lewis acid, and
has been shown to damage conjugated polymers, resulting in the formation of main-chain
defects and trap states and a reduction in device PCE [29]. It is speculated therefore that
residues of the precursor material in the HTL film, along with other organic by-products of
the hydrolysis process, may be the cause of such device degradation in this instance. This
suggests that the use of V,0O, HTLs prepared by this synthetic process would be problematic
for practical applications. The use of other techniques to deposit V,0x layers [20], [29]-{31]

may address this issue.

The values for PCE after the burn-in period, the relative loss in the PCE after 250 and 620

hours, and calculated Tgg lifetimes are shown in Table 5.2.

PCE after PCE Loss PCE Loss Teo (hours)  Tao (hours)
burn-in over burn-in over 620

(250hrs) (250hrs) hours Newport ATLAS
1000 650
SISO 5 0015 1 44+3% 48+3%
Oxide (MoOy) (0.5years) (0.3 years)
. 14500 20000
PEDOT:PSS 5 440.4% 30+6%% 39+5%
Annealed (7.2 years) (10 years)
i 350 236
e I 1.5+0.1% 72+4% 77+4%
Oxide (V20y) (0.2 years) (0.1 years)

Table 5.2 PCE loss on burn in and over the full 620 hrs of testing with calculated Tgo
lifetimes determined using the Newport solar simulator data and the ATLAS Suntest CPS+

data. All PCE values and losses were calculated using data from the Newport solar simulator.
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The average lifetime for devices using a PEDOT:PSS HTL was calculated to be 14,500 hours
from data acquired from the Newport solar simulator. If other possible catastrophic device
degradation processes are eliminated (e.g. sudden failure of the device encapsulation), the
recorded lifetime is equivalent to 7.2 years of practical operation, assuming an operational
device would receive 5.5 hours of 1000Wm irradiation per day [4]. For MoO,, however the
device Tgo lifetime was found to be 1000 hours (equivalent to 6 months operation); a value
reduced to 350 hours (63 days) for the V,O, HTL devices. It is important to emphasise that
lifetime figures that have been determined here are for devices aged indoors under the 1ISOS-
L-1 specification [32], as outdoor testing results in thermal cycling and light intensity

variations, as discussed in more detail in Chapter 7 : Outdoor Lifetime Testing.

Tgo lifetimes as calculated from data acquired from the ATLAS system are different from
those as calculated using data from the Newport solar simulator, due to the spectral mismatch
of the two light sources and its effect on measured device operating parameters. However, in

all cases the lifetimes as calculated from the different light sources are of a similar magnitude.

It is clear, therefore, that the rate of degradation of all device metrics is a significant function
of the nature of the HTL materials; a result that suggests that degradation in the active layer
cannot completely account for the observed degradation of device performance. Rather, the
changes in FF, Js, and V. that are observed during both burn-in and subsequent linear decay
must also result from the formation of additional trap states at the interface between the active
layer and the hole transport layers, due to generation of structural and compositional defects
[11]. Additional processes are likely to be also active at the interface between the active layer
and the device cathode however the relative importance of such a process cannot be

determined from these experiments.
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In contrast to previous work [7], [8], [10], the PEDOT:PSS HTL affords devices the highest
stability. This is believed to be mainly due to the use of PCDTBT as opposed to P3HT as the
donor polymer in the devices, though the use of encapsulation also plays a role. PCDTBT has
been shown to be stable in the presence of water and oxygen even under elevated
temperatures [9], which PEDOT:PSS, which is known to be highly hygroscopic [33], tends to
introduce into devices during processing, whereas P3HT is highly sensitive to such ingress
[7], [34]. Other studies have also shown that devices based on PCDTBT:PC,BM using a
PEDOT:PSS hole transport layer have achieved similar device lifetimes [4], though with no
comparison to other hole transport layer materials. The cause of device degradation in devices

utilising the different hole transport layers will require further investigation.

5.3 LBIC/ELM of Aged Devices

After testing in the laboratory lifetime setup for 620 hours, both LBIC and ELM images were
taken of several pixels of the devices, as shown in Figure 5.6. The methods by which the
images were acquired are described in 3.7 Laser Beam Induced Current Mapping (LBIC)
and 3.8 Electroluminescence Mapping (ELM). It was not possible to also obtain these
images prior to testing due to time restrictions, and as such the formation of defects on ageing
devices cannot be studied. However, the density of defects shown in the LBIC and ELM

images can be compared between device types.

For LBIC images, the colour scale is shown in Figure 5.6, with high generated current
indicated by dark blue, and low current indicated by red. ELM images are shown in greyscale,

with lighter areas indicating higher electroluminescence and black areas indicating little or no
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electroluminescence. The colour scale is identical for all three LBIC images and the edges of

the pixels can clearly be seen in all images.

It can be seen that defects that affect the charge transport in the active layer films are found in
all device types. From the LBIC images, the defects are correlated with a reduction in charge
generation efficiency, and correspond to areas of little or no electroluminescence in the
matching ELM image. The degradation of the V,0y devices was so severe that it was

impossible to obtain an ELM image for comparison to the LBIC image.

(e) V,0x

L B . TP

(a) MoOy (c) PEDOT:PSS

8

(d) PEDOT:PSS
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1.200E-8
0

;..s’ Py

Figure 5.6 Parts (a) and (b) show LBIC and ELM images for a MoOy device respectively,
parts (¢) and (d) show LBIC and ELM images for a PEDOT:PSS device respectively, and part
(e) shows an LBIC image for a V,Oy device. A colour scale for the LBIC images is shown in

the bottom right.
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From previous studies, it has been shown that V,0 layers formed from an oxytriisopropoxide
precursor and hydrolysis process contain a large number of nano-scopic voids in the film as a
result of solvent evaporation during film formation [17]. These voids in the film, along with
the residual precursor or other organic products of hydrolysation, appear to lead to extensive
defect formation in the active layer of the device, as can be seen in the LBIC images in
Figure 5.6 (e). These defects lead to a drastic reduction in charge generation in the film
around the defect sites. The LBIC image for the V,04 device also shows that the charge
generation in the bulk of the film has decreased significantly when compared to the other
HTL devices, which correlates with the relatively large loss in Js; on ageing as seen in Figure

5.3.

The devices with a MoOy HTL also showed a significant number of defects with a large area
of effect, as can be seen in Figure 5.6 (a,b). It is suspected that these originate from structural
defects in the evaporated MoOy film acting as formation sites for charge trap states and

photochemical reactions in the active layer.

LBIC and ELM measurements also reveal defects in the PEDOT:PSS devices, as seen in
Figure 5.6 (c,d), but in comparison to the other device types they are fewer in number. This,
in combination with the degradation characteristics seen in Figure 5.3, indicate that the

interface between the PEDOT:PSS and the active layer is more stable than MoOy and V,Ox.
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5.4 Conclusions

These experiments demonstrate that the rate of degradation of the device metrics is a
significant function of the nature of the HTL material; a result that confirms that degradation
in the active layer does not completely account for the observed reduction in device
performance. Rather, the changes in FF, J, and V. that are observed during both burn-in and
subsequent linear decay must also result from the formation of additional trap states at the
interface between the active layer and the hole transport layers, due to generation of structural
and electronic defects [11], as shown in both LBIC and ELM images of the devices after

ageing.

It has been shown that OPV devices utilising a PEDOT:PSS HTL have a higher stability than
comparable devices using a MoOy or V,0x HTLs, with extrapolated Tgq lifetimes for devices
utilising a PEDOT:PSS HTL being 14,500 hours. Such lifetimes are in good accord with the
results of previous studies [4]. Other work [7], [8], [10] however has suggested that OPVs
having a PEDOT:PSS HTLs have relatively poor operational stability. However, this apparent
contradiction likely results from the differing sensitivity of the donor-polymer to trapped
moisture, as previous studies explored OPVs based on the polymer P3HT; a material known
to be sensitive to the presence of moisture that is likely introduced into the device by the
highly hygroscopic PEDOT:PSS [33]. In contrast, however, PCDTBT is more stable to the
presence of water and oxygen even under elevated temperatures [9], and thus the effect of
trapped moisture within the PEDOT:PSS appears less problematic, an effect covered in more

detail in Chapter 6 : Polymer Air Processing.
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Chapter 6 : Polymer Air Processing

In this chapter, a comparative study based on the fabrication of polymer:fullerene
photovoltaic devices incorporating carbazole, fluorene and a PTB based co-polymer is
presented. The effects on efficiency and performance of spin coating the polymer:fullerene
active layer in the glovebox or in air are investigated using device characterisation. It is
shown that OPV devices based on carbazole and fluorene based materials have very similar
power conversion efficiency when processed under both air and nitrogen. Absorption
measurements recorded after light-soaking suggest that PCDTBT and PFDT2BT-8 have
comparatively enhanced photostability. Devices based on the PTB co-polymer however have

reduced efficiency when processed in air. [1]
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6.0 Introduction

The air-stability of the conjugated polymer used in an OPV is likely to contribute to the
ultimate operational stability of the device, as a reduction in device efficiency is known to
occur on oxidation of the polymer [2]-[4]. The polymer poly(3-hexylthiophene) [P3HT] is
one of the most commonly used in OPV devices. However it is known to be susceptible to
oxidation in air [2], [3], [5], whilst other interlayer materials have also been shown to be
affected by air exposure [6], requiring them to be processed in a nitrogen atmosphere in order
to achieve maximum performance in a device. The ubiquitous acceptor material, PCBM, has
also been shown to be unstable in air; exhibiting a reduction in charge mobility on exposure to
atmospheric conditions [7]. It is, however, desirable to manufacture OPV devices in air, as
this may reduce the capital investment required to develop the necessary production
infrastructure. Indeed, many new polymers for OPV applications have lower lying HOMO
levels (highest occupied molecular orbitals) which both promote efficient charge transfer to

PCBM [8] and reduces their oxidation-rate in air.

6.1 Polymers for Air Processing

One family of polymers that has attracted significant interest for OPV applications are the
carbazole co-polymers. The most commonly studied carbazole co-polymer is PCDTBT which
has a HOMO level of -5.5 eV [9] and in optimized devices [10]-[14] has demonstrated a PCE
of 7.2% [15]. Here, a number of studies have characterized device stability and degradation
pathways [4], [16], [17], with extrapolated lifetimes of up to 10 years now reported [16].
Other studies have explored the chemical modification of PCDTBT, and have attached

octyloxy substituents to the benzothiadiazole acceptor unit in order to improve its solubility in
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common organic solvents such as chloroform, chlorobenzene and dichlorobenzene [18]. The
resulting polymer has been shown to have increased solubility while maintaining high device
performance when blended with a PC7,BM acceptor [18]. Additional thiophene moieties have
also been incorporated along the polymer backbone, which have been shown to reduce the
absorption band-gap by increasing the intramolecular charge transfer along the polymer
backbone [19]. Other work has explored the replacement of the thiophene moieties in
PCDTBT with selenophene to improve the charge carrier mobility through enhanced
interchain interactions [20], and the replacement of the carbazole moiety with fluorene to

enhance the thermal and chemical stability of the polymer [21]-[24].

While such polymers show promising photovoltaic performance, their stability under an air-
based processing-route has not yet been studied in detail. Indeed, the majority of studies
investigating such materials have generally explored the fabrication of devices in a nitrogen
glovebox [11], [12], [25]. Here this issue is addressed, and it is shown that both carbazole and
fluorene based OPV devices can be fabricated in air with little loss in efficiency compared to
similar devices prepared in a glovebox. It is also demonstrated that such materials are
comparatively stable when exposed in air to optical radiation (an AM1.5 solar simulator),
similarly suggesting a high level of photostability. This promising result suggests that there
may be significant scope to simplify an OPV manufacture process using air-based printing

and processing techniques.

To explore the effect of air-processing, five polymers were explored; namely PCDTBT
(M137 batch from Ossila Ltd), PCDTBT-8, PCDSeBT-8, PFDT2BT-8 and PTB7. The
chemical structure of each of the polymers is shown in Figure 6.1 (a). The PCDTBT,
PCDTBT-8, PCDSeBT-8 and PFDT2BT-8 were synthesized using previously published

routes [18], [19], [26] and their My, M, and PDI are shown in Table 6.1. The PTB7 was
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purchased from 1-Material and was used without further purification. The polymer PCDTBT-
8 is a derivative of PCDTBT, with the addition of octyloxy substituents on the
benzothiadiazole (BT) acceptor improving the solubility of the polymer [18]. The polymer
PCDSeBT-8 also has octyloxy side-chain attached to the BT acceptor, however the thiophene
moieties along the backbone have been replaced with selenophene. For PFDT2BT-8, the
carbazole moiety is replaced by a fluorene, with two thiophene moieties either side of the BT
acceptor. We have also included PTB7 in our studies as it has been shown to produce devices
having high efficiencies, although it is known to be unstable in air [27]. The HOMO and
LUMO energy levels of the five polymers as determined by cyclic voltametry are shown in
Figure 6.1 (b) [18], [19], [26], [28]. Figure 6.2 shows pure polymer films spin-coated onto

blank glass substrates for colour comparison.

Polymer Source My Mp PDI
PCDTBT (M137) Ossila Ltd. 42,200 19,600 2.15
PCDTBT-8 UoS Chem. Dept 78,600 32,800 24
PCDSeBT-8 UoS Chem. Dept 60,195 16,036 3.75
PFDT2BT-8 UoS Chem. Dept 91,600 62,400 1.47
PTB7 [28] 1-Material 97,500 - 2.1

Table 6.1 Polymer name, source, molecular weight (M), molecular number (M,) and

polydispersity index (PDI).
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Figure 6.1 (a) Chemical structures of PCDTBT, PCDTBT-8, PCDSeBT-8, PFDT2BT-8 and
PTB7. (b) HOMO and LUMO levels of polymers and PEDOT:PSS as determined using

cyclic voltametry.
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Figure 6.2 Pure polymer films spin-coated onto blank glass substrates for colour comparison.

6.2 Fabricating OPVs in Air

For each polymer:fullerene blend, six OPV devices were fabricated: three whose active layers
were deposited in the glovebox and three under ambient conditions in a Lamarflo workstation.
OPV devices were based on a standard device architecture of ITO/PEDOT:PSS(30
nm)/active-layer(70-95 nm)/Ca(5 nm)/AI(100 nm). In each case, the active layer was
composed of a polymer:PC7,,BM blend, with the solvent, material concentration, blend ratio
and film thickness (as determined by detailed optimization studies) recorded in Table 6.2.
PEDOT:PSS was chosen as the HTL material due to its ease of deposition and stability in
completed OPV devices as demonstrated in Chapter 5 : Hole Transport Layer Laboratory

Lifetime Study.
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Total Optimized

Polymer Solvent BIend Ratio Concentration  Film Thickness
with PC,.BM
(mg/mL) (nm)

PCDTBT CB 1:4 25 70

PCDTBT-8 CB 1:4 25 70

PCDSeBT-8 CB 1:4 25 70

PFDT2BT-8 CHCl; 1:4 20 70
CB:DIO

PTB7 1:1.5 25 95
(97/3%)

Table 6.2 Optimised processing conditions for PCDTBT, PCDTBT-8, PCDSeBT-8,

PFDT2BT-8 and PTBY.

The OPV devices were fabricated using methods discussed in Chapter 3 : Experimental
Methods. The addition of the high boiling point solvent additive DIO in the PTB7
polymer:fullerene solution resulted in an unusually long spin-coating time of 120 s, after
which the film had to be vacuum dried for 10 minutes before it was fully dry. The addition of
3% by volume DIO into the PTB7 solution results in improved film morphology and device
performance [28]. Other materials only required a standard 30s spin-coating time with no

extra drying steps.

Device characteristics are shown in Table 6.3, and JV curves in Figure 6.3 for devices whose
active layers were deposited in the glovebox (GB) (a) or in air in the Lamarflo workstation
(Air) (b). In each case, the device operating parameters quoted represent an average recorded
from 12 pixels defined on three separate substrates in which the worst 25% of pixels had been
omitted to account for pixels in which there was a defect. The errors quoted are defined by the

standard deviation about the mean.
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Polymer PCE (%) FF Voe (V) Jsc (MAcm™)

PCDTBT (GB) 5.4+0.1 64.9+0.7 0.87 -9.620.1
(Air) 5.4+0.1 63.3+0.5 0.91 -9.320.1
PCDTBT-8 (GB) 3.44+0.05 46.0+0.3 0.81 -9.320.1
(Air) 3.82+0.08 44.6+0.5 0.95 -9.0£0.1
PCDSeBT-8 (GB)  3.56+0.04 46.6+0.5 0.81 -9.540.1
(Air) 3.77+0.08 44.5+0.7 0.91 -9.2+0.1
PFDT2BT-8 (GB)  5.64+0.07 63+1 0.89 -10.1#0.1
(Air) 6.10.1 63.6+0.6 0.92 -10.30.1

PTB7 (GB) 5.5+0.1 59+1 0.74 -12.740.2
(Air) 4.8+0.2 56.2+0.9 0.70 -11.940.2

Table 6.3 Operating parameters for devices incorporating five different polymers, processed

either in the nitrogen filled glovebox (GB) or in air.

It can be seen that on processing PCDTBT, PCDTBT-8, PCDSeBT-8, and PFDT2BT-8 based
devices in air, there is an enhancement in V. by between 30 to 140 mV. We attribute this
increase in V. to a very rapid hydration of the PEDOT:PSS hole extraction layer that occurs
in air; a process that results in an increase in its work-function. Previous work has shown that
the exposure of PEDOT:PSS to moist air can result in an increase in its conductivity [29],
[30], and also the formation of a thin layer of water at the film surface (bound to the positively
charged PSS ionomers) that increases charge conduction across the interface [6], [30]. This
hydration effect is known to be accelerated in PEDOT:PSS films having a high PSS

concentration [29], [31] as is the case for the 1:6 PEDOT:PSS material used here [32].
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Figure 6.3 Part (a) shows JV characteristics for devices processed in a nitrogen-filled

glovebox, with part (b) showing device characteristics when processed in air.

Thus, we propose that the enhancement of V. that we observe results from the presence of a
water layer at the PEDOT:PSS film surface that increases its work function; a conclusion in
accord with previous findings using other hole-extraction layers [6]. Notably, the increase in

Vo is largest for the PCDTBT-8 and PCDSeBT-8 based devices, being 140 mV and 100 mV
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respectively. We believe this occurs as a direct result of the deeper HOMO levels of these
polymers (-5.45eV for PCDTBT-8 and -5.47eV for PCDSeBT-8). Here, hole transfer to
“dehydrated” PEDOT:PSS (HOMO at -5.2 eV), is less efficient, resulting in a relatively low
value of V. (0.81 V) when these devices are processed under nitrogen. When however the
devices are processed in air, the increased work function of “hydrated” PEDOT:PSS results in
more efficient charge extraction and an increase in V. In contrast, PCDTBT and PFDT2BT-
8 have a HOMO level that is already close to that of “dehydrated” PEDOT:PSS (-5.35, -5.33
and -5.2 eV respectively) and thus the gain in Vo on processing devices in air is relatively
limited as hole extraction is already relatively efficient. There does not however appear to be
a gain in Vo when processing PTB7 OPV devices in air. Here, the HOMO level of the PTB7
is smaller than that of “dehydrated" PEDOT:PSS (-5.15 and -5.20 eV respectively). On
exposure to moisture, the increase in PEDOT:PSS work-function is likely to further impede

the extraction of holes.

For all the polymers studied (with the exception of PFDT2BT-8), both the Js. and the FF are
reduced when the active layer blend is deposited in air. This correlates with an overall
reduction in the EQE of the devices that were processed in air as can be seen in Figure 6.4,
measured using the equipment described in 3.6 External Quantum Efficiency (EQE).
Notably however, the Ji. and EQE of PFDT2BT-8 based devices do not appear to be

significantly affected by such air exposure.
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Figure 6.4 Part (a) shows the EQE of devices processed in a nitrogen-filled glovebox, with

part (b) showing EQE of devices when processed in air.

It is hypothesized that reductions in Jsic and FF result from the generation of trap states
resulting from light-induced oxidation that reduces charge-carrier mobility [33]. This effect is
particularly pronounced for PTB7-based devices; a finding in accord with previous work
showing that PTB7 is rapidly oxidized on exposure in air [27]. Notably however, the

reduction in FF and Ji. observed in the PCDTBT-8 and PCDSeBT-8 based devices is
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counterbalanced by the large increase in V., resulting in an overall increase in PCE on
processing in air. For PCDTBT, the smaller gain in V. is balanced by a comparable reduction
in FF and Jg, resulting in devices processed under nitrogen and air having similar values of
PCE. For PTB7, the combined effects of a reduction in V, due to energy level misalignment
at the PEDOT :PSS interface and a reduction of FF and J: due to oxidation when processed in
air results in a significant reduction in PCE. Of the five polymers explored, PFDT2BT-8
alone does not undergo a reduction in any of the device metrics, resulting in a higher PCE for

air-processed devices.

6.3 Photostability of Polymers

To explore whether any degradation in efficiency of OPVs fabricated in air could be
correlated with the rate at which the polymer underwent optically induced oxidation, freshly-
spun, un-encapsulated polymer films on quartz substrates were exposed for various times to
light from a solar simulator in air (for 10, 20, 40, 80 and 160 minutes). The optical
transmission of the exposed films was then recorded using a Horiba Fluormax-4

spectrophotometer as described in 3.4 Absorbance Spectroscopy.

To further understand the relative air stability of the different polymers, the changes in their
ability to harvest light as they are deliberately photo-oxidized was studied. This is shown in
Figure 6.5 (a) and (b), where the normalized absorption spectra of the polymer films both
before, and after exposure for 160 minutes to simulated AM1.5 radiation is plotted. In Figure
6.5 (c), the relative absorption of each polymer film (integrated over the wavelength range A =
350 to 900 nm) as a function of time during the light exposure, with data normalized to the

absorption determined at t = 0 is shown. It was found that the absorption maxima of each of
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the polymers undergoes a blue shift on extended light exposure which is attributed to a
reduction in electronic-conjugation as a result of oxidation of the polymer backbone [33].
This spectral shift is most pronounced for PTB7, with the absorption maxima undergoing a
blue-shift of ~ 70 nm; a value significantly larger than that of the other polymers whose

absorption blue-shift is limited to around 10 nm.
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Figure 6.5 Part (a) shows the normalized absorption spectra for the unexposed polymers. Part
(b) shows normalized absorption spectra for the same (un-encapsulated) materials after
exposure to light from an AM1.5 solar simulator in air for 160 min. The data shown in part (c)
plots the integrated absorption of the polymer films (normalized to their initial values) as a
function of light-exposure time in air. Spectra in parts (a) and (b) are normalised such that the

spectral maximum is equal to 1.
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In Figure 6.5 (c), it can be seen in that over a relatively short timescale concurrent with spin-
coating in air (< 10 minutes), PCDTBT, PCDTBT-8 and PFDT2BT-8 undergo a small (2 -
3%) but similar reduction in their total absorbance. Notably however, both PTB7 and
PCDSeBT-8 photo-bleach more rapidly, with the absorbance being reduced by 7 and 11%
respectively. At the end of the experiment (160 minutes of illumination), the PCDSeBT-8
sample had become almost totally bleached, thus suggesting it has a poor photostability that is
attributed to the substitution of the thiophene moieties with selenophene. Of all the polymers
explored, PCDTBT undergoes the smallest degree of bleaching over the experiment,
indicating it has the highest degree of photostability. Its polyfluorene analogue PFDT2BT-8

also demonstrates a similar (but slightly reduced) photostability.

6.4 Effects of Extended Air Exposure

To explore the effects of extended air exposure of active layer films on device performance,
OPV devices were fabricated with the same architecture and processing methods as
previously used in this chapter. However, once the active layer had been deposited the
partially completed devices were left in air under ambient conditions for up to 30 minutes. For
reference, devices were also processed in the glovebox and were not exposed to air at any
point during their fabrication. Two polymers were used for this study, PFDT2BT-8 and PTB7.
PFDT2BT-8 was chosen as it was the only polymer studied that did not exhibit a reduction in
operating parameters on processing in air, and PTB7 was chosen for comparison due to its
poor air stability. The average operating parameters for PFDT2BT-8 devices are shown in
Table 6.4 and JV curves in Figure 6.6. Devices with 0 mins exposure time were processed in

the glovebox with no exposure to air at any point during fabrication.
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PFDT2BT-8:PC,,BM Devices

Air Exposure

i (S, PCE (%) FF Ve (V) Jse (MAcmM™?)

0 (reference) 5.59+0.07 64.3+0.6 0.88 -9.92+0.03
1 5.69+0.09 63.5+0.5 0.90 -10.03+0.05
2 5.5+0.1 622 0.90 -9.94+0.08
5 5.4+0.2 61+2 0.90 -9.87+0.09
10 5.1+0.1 58+1 0.90 -9.7+0.1
20 5.05+0.09 57.8+0.9 0.90 -9.76+0.04
30 4.6+0.2 532 0.90 -9.54+0.09

Table 6.4 Operating parameters for devices with a PFDT2BT-8:PC7BM active layer with

different air exposure times.

It can be seen that for devices utilizing a PFDT2BT-8:PC;,BM active layer, exposure to air
for up to 5 minutes does not (within error) result in any loss in device performance. On
deposition in air, an increase in V. is seen, due to the hydration of the PEDOT:PSS HTL as
discussed in 6.2 Fabricating OPVs in Air. No significant loss in FF or J is seen until after
5 minutes of exposure to air, a time-scale commensurate processes such as R2R, indicating
that PFDT2BT-8 is a promising polymer for such manufacturing processes. No loss of Vo is

observed, even when devices were exposed to air for 30 minutes, indicating that the interface

between the active layer and PEDOT:PSS HTL is stable over these timescales.
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Figure 6.6 JV characteristics for devices with a PFDT2BT-8:PC-,BM active layer exposed to

air for 0, 2, 5 and 30 minutes.

The average operating parameters for PTB7 devices are shown in Table 6.5 and JV curves in
Figure 6.7. It can be seen that on processing in air, there is an immediate reduction in all
device operating parameters. On deposition in air, a decrease in V. is seen, due to hydration
of the PEDOT:PSS HTL and the resulting energy mismatch between the HOMO level of the
polymer and PEDOT:PSS. Oxidation of the polymer backbone on exposure to air results in a
decrease in charge-carrier mobility and a reduction in FF and Js.. Whilst there is little change
in FF after the initial decrease on exposure to air, Jic undergoes a steady reduction with

increased air exposure time as a result of photo-oxidation.
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PTB7:PC;BM Devices

Air Exposure

i (S, PCE (%) FF Ve (V) Jse (MAcmM™?)

0 (reference) 5.64+0.08 60.0+0.5 0.72 -13.06+0.06
1 3.440.1 48+1 0.69 -10.31+0.3
2 3.09+0.07 45%1 0.69 -9.98+0.07
5 2.6+0.1 44+1 0.66 -9.63+0.04
10 2.7+0.2 42+2 0.66 -9.620.4
20 2.67+0.06 43.5+0.5 0.66 -9.30.1
30 2.39+0.06 44.7+0.5 0.66 -8.1+0.1

Table 6.5 Operating parameters for devices with a PTB7:PC7BM active layer with different

air exposure times.
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Figure 6.7 JV characteristics for devices with a PTB7:PC7,BM active layer exposed to air for

0, 2, 5 and 30 minutes.
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6.5 Conclusions

It was found that carbazole and fluorene based conjugated polymers have a relatively high
degree of photostability that permit them to be processed (in a polymer:fullerene blend) into
the active layer of a photovoltaic device in air with little loss in PCE. Indeed, in some cases,
devices processed in air have enhanced efficiency compared with comparable devices
processed under nitrogen; an affect that is attributed to changes in the work function of the
underlying PEDOT:PSS anode. PFDT2BT-8:PC;,BM active layers have been shown to be
stable in air for up to 5 minutes with little loss in device performance. This timeframe is
commensurate with processing timeframes for scale up processes such as R2R printing,
indicating that PFDT2BT-8 is a promising polymer for such manufacturing processes. It will
be interesting to determine whether the photostability of conjugated polymers measured under
optical irradiation in air can be directly correlated with their operational stability when
processed into an OPV device, as this technique could be used as a rapid and efficient

screening tool to identify new polymers for device applications.
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Chapter 7 : Outdoor Lifetime Testing

In Chapter 5 : Hole Transport Layer Laboratory Lifetime Study, the operational lifetimes
of OPV devices utilising a PCDTBT:PC7,BM active layer and three different hole transport
layers were investigated using a laboratory lifetime testing setup. From this test, it was shown
that PEDOT:PSS resulted in devices having the longest extrapolated Tgo lifetimes of ~ 7.2
years. In Chapter 6 : Polymer Air Processing, it was shown that devices with a PFDT2BT-
8:PC;oBM active layer had the highest PCE of all the polymers tested and were extremely
stable when processed in air. Utilising these materials, devices with an
ITO/PEDOT:PSS/PFDT2BT-8:PC7BM/Ca/Al architecture were fabricated and installed in
an outdoor testing setup, as described in 3.10 Outdoor Lifetime Testing, on the roof of the
Department of Physics at the University of Sheffield, England, UK, for a period of four
months. It was shown that daily and seasonal light intensity and temperature variation has a

significant effect on measured Js., FF, Vo and PCE, and the calculation of device Tg lifetime.
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7.0 Introduction

In comparison to laboratory testing of OPV devices, outdoor testing is more representative of
the real-world conditions that commercial devices would experience during their operational
lifetime. However, only a few such studies have been carried out so far [1]-[5], almost all
with a P3HT:PCBM active layer blend on flexible PET substrates, with Tgo lifetimes of up to
10,000 hours calculated for the best performing devices [1]. Outdoor testing of OPV devices
introduces many challenges that are not present in laboratory testing. The increased humidity
and the presence of precipitation in outdoor environments (especially in temperate countries)
stresses the encapsulation of OPV devices, and is often the cause of catastrophic device
failure [1]. Daily thermal cycling also introduces degradation mechanisms and efficiency

measurement issues, discussed in more detail in 7.2 Temperature Effects.

Here, four devices based on an ITO/PEDOT:PSS/PFDT2BT-8:PC7BM/Ca/Al architecture
were tested under conditions closely modelled on the 1ISOS-O-2 specifications [6], outlined in
3.11.2 ISOS Outdoor Testing. The outdoor testing setup used did not expose the OPV
devices to atmospheric conditions, but enclosed them in an environmental chamber filled with
an overpressure of nitrogen at close to 0% humidity. This was to exclude extrinsic
degradation processes, such as water and oxygen ingress, and allow for study of intrinsic
degradation processes under outdoor conditions. The data presented here is for the first four

months of an ongoing study.
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7.1 Light and Temperature Variation

The devices were tested from 1/8/14 to 8/12/14, with a break in measurements from 11/9/14
to 17/9/14 due to technical issues with the system, though the devices were left in the test
setup during this period. As a result, the devices were exposed to one of the hottest periods of
the year (with daily temperatures at times reaching 30°C) and the beginning of winter where
the average daily temperatures were far lower. Due to the enclosed nature of the
environmental chambers, this meant that on hot, sunny days the temperature inside the
chamber reached a maximum of 80°C, and during December the temperature of the devices
dropped to a minimum of ~ 10°C, resulting in a 70°C variation in device temperature during
measurement. The total light intensity as measured by the pyranometer and the daily average
temperature as measured inside the environmental chamber housing the devices is shown in

Figure 7.1.
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Figure 7.1 Total light intensity (Wm™) as measured by the pyranometer every minute, and
average daily temperature (°C) over the 4 month outdoor lifetime test. Gap in data is due to a

one week shut down of the equipment due to technical issues.
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It can be seen that the daily peak light intensity decreases from August to December, with a
reduction in daily peak light intensity of ~ 40% over the course of the experiment. Also, the
number of hours of daylight changed over the course of the experiment, with ~ 15 hours of
daylight in August and only ~ 8 hours in December. For this reason, it is recommended that
for outdoor testing, device characteristics are plotted as a function of accumulated energy
rather than as a function of time (as with laboratory tests where the light intensity is constant)
[6]. Accumulated energy can be calculated by integrating the measured light intensity with
time. This was done for each pixel of the four devices and then averaged, the results of which
are shown in Figure 7.2. To account for the week where the system was shut down, but the
devices were still exposed to daylight on the roof, the accumulated energy was assumed to be
the average of the week immediately previous to shut down and the week immediately after
shut down. The accumulated energy is plotted in units of Jm™ to account for uncertainly in the

size of the pixels as discussed in 3.9.6 Pixel Size Variation.
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Figure 7.2 Accumulated energy for devices (Jm) over the 4 month outdoor lifetime test. Gap

in data is due to a one week shut down of the equipment due to technical issues.
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It can be seen that initially the accumulated radiation is relatively linear until ~ 1000 hours
(10/09/14), at which point the daily accumulated radiation decreases at the onset of autumn,
and subsequently winter, as the days become shorter and the maximum daily light intensity is
lower as seen in Figure 7.1. The total accumulated energy of the devices in the outdoor
testing setup was 1.37x10° Jm, equivalent to 381 hours in the laboratory lifetime tester under

constant illumination conditions at 2000 Wm.

7.1.2 Sunny and Cloudy Days

The response of OPV devices is highly dependent on the incident light intensity [7], [8], and
as such the daily and seasonal varying light intensity shown in Figure 7.1 results in
fluctuations in device operating parameters over time, independent of device degradation. In
Figure 7.3 device PCE, FF, V. and Jg are plotted for a cloudy and sunny day in August 2014
(2nd and 3rd respectively). PCE is calculated in all instances using the recorded values of FF,

Voe, Jsc @nd the total light intensity from the pyranometer, using Equation 3.3.

It can be seen that for both the sunny and cloudy days, PCE, V.. and FF are largely
independent of light intensity, except at very low light levels where there are inconsistencies
with the measurement of V.. and FF. In comparison, Js is linearly dependent on light
intensity [8], as shown in Figure 7.4 for data from the sunny day (3/8/14) (not accounting for
temperature effects). However, the temperature of the devices has an effect on their measured

PCE, as covered in more detail in 7.2 Temperature Effects.
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Figure 7.3 Variation in PCE, FF, V. and Js. for devices over the course of a cloudy day and a

sunny day in August 2014 (2nd and 3rd respectively).
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Figure 7.4 Jc and Temperature as a function of light intensity for a sunny day (3/8/14).

As the maximum and average daily light intensity decreases over the course of the experiment
from August to December 2014, as shown in Figure 7.1, the relative independence of the
calculated PCE, FF and V, of the devices from light intensity means that it is possible to be

confident in the values given in 7.4 OPV Device Lifetime over the course of the experiment.

The analysis of the degradation of device operating parameters is studied at three different
light intensity levels, 1000 Wm™ (high), 500 Wm™ (medium) and 250 Wm™ (low) with a 5%
margin of error in each case to increase the sample population. These intensity values were
chosen to account for days where the maximum light intensity did not reach 1 Sun (1000W m"

2), which is the case for the latter half of the experiment, as can be seen from Figure 7.1.
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7.2 Temperature Effects

A major issue with outdoor testing of OPVs is thermal cycling over the course of every day,
especially for the setup used here due to the enclosed nature of the environmental chamber
and the resulting high internal temperatures. High temperatures can cause thermal annealing
of active layer materials in the device [9], and induce mechanical stresses due to different
thermal expansion coefficients of the materials, which can lead to delamination at interfaces
and device failure. Indeed, thermal cycling and its effects on OPV devices is such an
important factor when calculating the real-world stability of OPV devices that it is the subject
of its own ISOS testing protocol, ISOS-T [6]. Device temperatures for the 2nd August (cloudy

day) and 3rd August (sunny day) days are shown in Figure 7.5.
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Figure 7.5 Variation in temperature for devices over the course of a cloudy day and a sunny

day in August 2014 (2nd and 3rd respectively).

It can be seen that the temperature is highly dependent on light intensity due to the enclosed
nature of the environmental chamber housing the OPV devices. For the sunny day shown

here, the maximum temperature reached was 73.9°C with an average temperature of 36.5°C,
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and on the cloudy day the maximum temperature reached was 57.1°C with an average

temperature of 29.0°C.

At temperatures below their glass transition temperature (Tg), polymers such as PFDT2BT-8
undergo thermal annealing. This has been shown to improve device performance in PCDTBT
(a polymer that is similar in structure) by improving charge mobility in the polymer film [9],
[10]. However, thermal annealing above the Ty can also induce phase separation of the
materials in the active layer, resulting in a non-ideal morphology and a reduction in device

performance. The T, of PFDT2BT-8 has been shown to be ~ 70°C [11].

In addition to this, device FF, V. and Js are affected by device temperature. Indeed, it has
been shown that with increasing temperature, the V,. of devices decreases, while the Js. and

FF increase [7], [8], [12].

The effects of thermal annealing during testing due to high chamber temperatures is extremely
difficult to ascertain in this instance, as the devices were not removed from the environmental
chamber for testing under the Newport solar simulator. However, the effects of average daily

temperature on FF, Vg, Js, and therefore PCE, are more easily explored.

The average daily temperature at high, medium and low light intensity are shown in Figure
7.6. It can be seen for all three light intensity levels the average temperature falls by 15 - 20°C
over the course of the experiment from August to December 2014. This likely introduces a
temperature bias to the data shown, due to the aforementioned effects on FF, Vq, Js, and
therefore PCE. In other studies, it was calculated that temperature had an effect on the Jg. of
OPVs of between 0.7 - 3.3 %/K [1], [12]. The effects this has on the measured JV
characteristics of the devices under test here are discussed in more detail in 7.4 OPV Device

Lifetime.
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Figure 7.6 Average daily temperature recorded for three different light intensity levels; 1000

Wm2, 500 Wm™ and 250 Wm,

7.3 JV Characteristics

The four devices were based on the ITO/PEDOT:PSS/PFDT2BT-8:PC,BM/Ca/Al
architecture optimised in previous chapters. 30 nm thick PEDOT:PSS films were spin-coated
and annealed in air, and 70 nm thick PFDT2BT-8:PC,BM active layer films were spin-
coated in the glovebox. The devices were fabricated, tested under the Newport solar simulator
and placed in the rooftop testing setup on the same day. The average initial operating
parameters for the four devices, as measured by the Newport solar simulator, are shown
Table 7.1, and an average JV curve is shown in Figure 7.7. The data represents 16 pixels
across four substrates where the worst 25% of pixels have been removed to account for gross
film defects. The error quoted on all measurements is based on the standard deviation around

the mean.
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Device Type PCE (%) FF Voe (V) Jsc (MAcmM™)

PEDOT:PSS
PEDT2BT-8 5.4+0.1 63.0+0.8 0.83 -10.3+0.1

Table 7.1 Numerical average of initial device operating parameters as measured by the

Newport solar simulator for the four devices in the rooftop testing setup.
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Figure 7.7 Numerically averaged initial JV curve for devices in the rooftop testing setup,

averaged over all devices. Measured under the Newport solar simulator at 2000 Wm.
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7.4 OPV Device Lifetime

Daily average device operating parameters for the four devices in the rooftop testing system,

with error bars representing standard deviation of the data, are shown in Figure 7.8.
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Figure 7.8 Average device operating parameters for four devices in the rooftop testing system
as a function of accumulated energy (Jm™). Each data point represents the average and

standard deviation from one day of testing

It can be seen that as with the device tested in the laboratory (see 5.2 Device Lifetime), a
large initial decrease in FF and Js is observed on burn-in (taken to end after 3.5%x108Im? /
500 hours / 21 days), which then approaches a linear decay. V. remains relatively constant

throughout, with an initial small decrease followed by recovery to a value higher than the
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starting V.. The behaviour of V. is believed to be due to a change in surface work function of

PEDOT:PSS at the active layer interface on repeated charge transfer [13], [14].

After 1.25x10° Jm™ (4/11/14) the maximum light intensity did not reach 1000 Wm™, and so

there are no data points for this light intensity level beyond this point.

Table 7.2 shows numerically averaged device operating parameters for all devices at ~ 500
Wm™ at the start of the test on 1/8/14, and the end of the test, 8/12/14. Figure 7.9 shows the
corresponding JV curves. Comparative JV data at 1000 Wm cannot be shown for the end of

the test due to a lack of data at that light intensity.

Light

Intensity Tem?oeg;;l W peE (%) FF Ve M) (i A]écm-Z)
(Wm)
Initial 499113 547204  477:005 638:06 073 5102
(1/8/14) = = S T ' -
Final 493+2  3539+0.05 2.12+0.03 43.7+01 080  -2.97+0.03
(8/12/14) * St e o ' o

Table 7.2 Initial and final average device operating parameters, light intensity and

temperature for all devices.

Over the course of the test there is a loss of PCE of 56%, and the devices have a Tgg lifetime
of the order of 2500 hours (calculated using PCE data at 500 Wm™ and 250 Wm™ after the
18/9/14 (8x10® Jm™) at which point the decay become relatively linear). This data seems to
indicate that the devices are degrading far more quickly than the devices tested under
laboratory conditions in Chapter 5 : Hole Transport Layer Laboratory Lifetime Study,
which had a lifetime of 14500 hours. However, as the Js, Vo and FF are all affected by
temperature at which the measurement was taken, this introduces a large margin of error in

the measurements of device characteristics over time. For this reason, any calculated Tgg
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lifetime is complicated by such large temperature variations. Therefore, it will be necessary to
collect more data for the devices over a longer period of time, preferably a whole year, to
allow for comparison of data taken at similar temperatures and light intensities as in previous

studies, permitting a more accurate estimation of device lifetime to be made.
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Figure 7.9 Average initial and final JV curves for all devices as measured at a light intensity

of ~ 500 Wm™.
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7.5 Conclusions

In summary, initial and preliminary measurements of the stability and degradation of OPV
devices when tested outdoors under conditions closely modelled on the 1SOS-O-2 test have
been made. The effects of daily and seasonal light intensity and temperature variation on
device performance are investigated, and have been shown to have a marked effect on the
measurement of device JV characteristics. The effects of daily fluctuations in light intensity
on JV characteristics have been observed, and it was shown that FF and V.. are largely
independent, though Js. is extremely dependent on light intensity. Tgo lifetimes of ~ 2500
hours are calculated, however, more data over a longer period is required to remove JV
measurement bias introduced by seasonal variations in temperature. The test is currently
ongoing, with plans to extend it up to one year to acquire the necessary data to make an

accurate calculation of device Tgg lifetime.
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Chapter 8 : Solution Processed OPVs

In Chapter 5 : Hole Transport Layer Laboratory Lifetime Study, it was shown that
utilising a PEDOT:PSS HTL resulted in devices having the highest device operational
stability, and in Chapter 6 : Polymer Air Processing a PFDT2BT-8:PC,BM active layer
was shown to have the highest PCE of all the polymers tested, and was extremely stable when
processed in air. In this chapter, these materials were used, in addition to a solution processed
titanium dioxide (TiOy) electron transport layer (ETL), to fabricate OPV devices with an
ITO/PEDOT:PSS/PFDT2BT-8:PC7BM/TiO,/Al architecture whose HTL, active layer and

ETL were all processed in air from solution, having a maximum PCE of 5.35%.
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8.0 Introduction

The electron transport layer (ETL) of OPV devices facilitates the transfer of electrons from
the active layer to the anode as shown in 2.4.4 Charge Extraction. A number of materials
have been used as ETLs, including calcium, zinc oxide (ZnO) [1]-[3], caesium carbonate
(CS,CO3) [4], [5], poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-

dioctylfluorene)] (PFN) [6] and titanium oxide (TiOy) [7]-[9].

All of the materials listed above (with the exception of calcium) can be processed from
solution, allowing for manufacturing methods such as R2R processing and other large area
solution based deposition techniques to scale up the production of OPVs. In addition, the
replacement of calcium in OPV devices, which is highly reactive when exposed to water and
oxygen, and is a known cause of OPV device degradation [10], promises an improvement in

device lifetime.

Titanium oxide is a promising material for use in ETLSs, as evidenced by its use as an electron
acceptor and transport material in dye-sensitized cells [11]-[13], and has been shown to
improve device efficiency for both standard and inverted device architectures in OPV devices
[9]. Typically, in dye-sensitized solar cells, crystalline TiOy is used, which requires high
annealing temperatures (T > 450°C) to form. However, these processing conditions are
incompatible with OPV devices, as the polymer:PC,BM active layer cannot survive such
high temperatures. Here, amorphous TiOy ETL films were fabricated using a facile, solution
based process with no annealing steps, for wuse in devices with an

ITO/PEDOT:PSS/PFDT2BT-8:PC;,BM/TiO«/Al architecture.
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8.1 Titanium Oxide

Titanium Oxide (TiOy) is a transition metal oxide that has been used as an electron transport
layer and an optical spacer in OPVs [7]-[9]. It is commonly deposited from solution from a
precursor of titanium isopropoxide, the structure of which is shown in Figure 8.1. This is then
hydrolysed to form amorphous TiOx. This process is very similar to the formation of

vanadium oxide by hydrolysis, detailed in 5.1.2 Vanadium Oxide.

H;C CHj
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Figure 8.1 Chemical structure of titanium isopropoxide, TifOCH(CHj3),]a.

The titanium isopropoxide precursor was purchased from Sigma-Aldrich and diluted in the
organic solvent isopropyl alcohol (IPA, 99.999% pure) at a concentration of 10 mgmL™.
Solution preparation was carried out in the glovebox to avoid hydrolysis of the precursor
before spin-coating of the film, which occurs almost instantaneously in air, the chemical

reaction of which is shown in Equations 8.1 and 8.2.
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Ti[OCH(CHs)s]a + 4.H,0 —> 4.CsH,0H + Ti(OH), Equation 8.1

Ti(OH)s — TiO, + 2.H,0 Equation 8.2

In Equation 8.1, in the presence of water vapour, H* cations cleave the alkyl chain
(CH(CHpy)) in the titanium isopropoxide precursor and bind to the singly bound oxygen on the
titanium oxide, forming Ti(OH)s. OH™ anions bind to the alkyl chain and produce isopropanol
(CsH;OH), which evaporates. In Equation 8.2, the titanium intermediary molecules
(Ti(OH)4) react together, releasing water and form titanium oxide (TiO2). However, due to the
amorphous nature of the film, the oxidation state is likely to be less than TiO,, and therefore

the material will henceforth be referred to as TiO.

The titanium oxide precursor solution was spin-coated at 2000 rpm to form ~ 20 nm thick
films as measured by a profilometer. These were left in air for 5 minutes to allow for the
hydrolysis process to complete fully and form an amorphous and extremely smooth TiOy
layer. The films were not annealed, as it was found to result in devices having lower

efficiency.

8.2 Solution Processed Devices

The development of methods and materials that allow high efficiency and stable devices to be
fabricated using commercial deposition techniques, such as R2R printing and spray coating, is
a key target for OPV manufacture. Vacuum deposition of materials is less attractive for
commercial production of OPVs as the process is very energy intensive [14], and thus
solution based processes offer distinct advantages. The most successful demonstration of this

technology to date was carried out by Krebs et al [15]. Multi-layer OPVs based on an inverted
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ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag architecture were fabricated in one continuous
process onto a flexible poly(ethyleneterephthalate) (PET) sheet, with all layers deposited

using solution based techniques, and efficiencies of 2.3% achieved

Here, OPV devices were fabricated whose HTL, active layer, and ETL were all spin-coated
from solution with the architecture: ITO/PEDOT:PSS(30nm)/PFDT2BT-
8:PC7BM(70nm)/TiO4(20nm)/Al(100nm). The ITO anode was deposited by sputtering, and
the aluminium top cathode thermally evaporated, as no solution based deposition methods
were available. The devices were fabricated in both the glovebox and in air in the Lamarflo
work station, and several types of devices were fabricated to isolate the effects on device
performance of spin-coating the different layers in air. The active layers and TiOx ETLs were
either spin coated in air or in the glovebox, resulting in four device types: 'Fully Glovebox
Processed’, 'Active Layer Glovebox, TiOyx Air', 'Active Layer Air, TiOx Glovebox' and 'Fully
Air Processed’. In all cases the active layer and TiO4 layer for each device were spun
sequentially, with a 30s spin time for each layer and with no delay in between depositions.
This was done to minimize the air exposure of the active layer for air processed devices, and
to emulate the fast deposition times that would be used in a commercial environment. Due to
the orthogonal nature of the solvents used, there were no issues with films being re-dissolved
by subsequent depositions. For all devices, the PEDOT:PSS HTL was spin-coated and then

only annealed in air.

Average device operating parameters are shown in Table 8.1 and JV curves in Figure 8.2.
The data represents 12 pixels across three substrates where the worst 25% of pixels have been
removed to account for gross film defect. The error quoted on all measurements is based on

the standard deviation around the mean.
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Device Type PCE (%) FF Voe (V) Jsc (MAcmM™)

Fully Glovebox

6.0+0.2 6312 0.91 -10.5+0.1
Processed
Active Layer
Glovebox, TiOy Air 5.740.2 64+1 0.91 -9.7+£0.1
Active Layer Air, :
Ti0, Glovebox 5.9+0.2 62+1 0.91 10.5+0.1
Fully Air Processed 5.3+0.1 60+1 0.91 -9.7£0.2

Table 8.1 Operating parameters for OPV devices whose active layers and TiOx ETLs were

spin-coated either in air or under nitrogen in the glovebox.

It can be seen that devices that were fully processed in the glovebox showed the highest
device performance, with an average PCE of (6.0£0.2)% and a maximum PCE of 6.25%. On
deposition of the active layer in air in "Active Layer Air, TiOx Glovebox' devices achieved a

PCE of (5.9+0.2)%, within error of the 'Fully Glovebox Processed' devices.
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Figure 8.2 JV curves for 'Fully Glovebox Processed’, 'Active Layer Glovebox, TiOx Air',

'Active Layer Air, TiOy Glovebox' and 'Fully Air Processed' OPV devices.

On spin-coating the TiOy in air a reduction in J is seen for both the 'Fully Air Processed' and
the 'Active Layer Glovebox, TiOx Air' devices. This is believed to be due to the extremely fast
hydrolysation of the TiOy in air. When the TiOy precursor solution is spin-coated in the
glovebox it forms a extremely smooth and clear film, which becomes translucent and white on
exposure to air as the film hydrolyses and forms amorphous TiO,. However, when the TiOy
precursor solution is spin-coated in air, the hydrolysation process occurs whilst the film is still
drying, and the resulting film is far more opaque and white in colour. This appears to reduce

the Js of the devices by altering the light absorption characteristics of the devices.

For the 'Fully Air Processed' devices, spin-coating both the active layer and the TiOx ETL in
air results in losses in Js. due to the increased opacity of the TiOy. The resulting devices have
an average PCE of (5.3£0.1)%, a PCE loss of 12% compared to 'Fully Glovebox Processed'

devices. This is a very promising result that shows that high efficiency devices can be
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processed in air from solution based materials with only a moderate loss in overall efficiency

compared to glovebox processed devices.

For OPV devices utilising this architecture to be completely solution processed, both the ITO
and metallic electrodes, which are currently deposited via sputtering and thermal evaporation

processes respectively, need to be replaced with solution processed alternatives.

The deposition of ITO is a costly process, both due to the scarcity of indium and the energy
intensive nature of sputtering techniques, and thermal evaporation of metallic electrodes has
been shown to account for ~ 30% of energy input in the fabrication of OPV devices [14].
Solution processed alternatives to ITO include high conductivity PEDOT:PSS [16] and silver
nanowires [17], with life-cycle analyses of these materials showing a potential reduction in
module costs of up to 17% [18]. Screen printing [15], [19] and stamp-transfer [20] have been

used to successfully replace thermal evaporation for top metal contacts in R2R manufacture.

Inclusion of these materials and processes in the devices fabricated in this chapter could yield
high efficiency, low cost and air processable OPV modules compatible with R2R
manufacturing processes. However, the effects of these materials and processes on device

lifetime are as yet unknown.
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8.3 Conclusions

In summary, the optimisation of a solution processed OPV device that utilised a PEDOT:PSS
HTL, a PFDT2BT-8:PC7BM active layer and a TiOyx ETL has been explored. The effects on
device performance of processing the active layer and ETL of the devices in a nitrogen filled
glovebox or in air were studied. It was found that processing the active layer in air resulted in
minor losses in FF, commensurate with previous findings, and processing the TiOx ETL in air
resulted in a more opaque film that resulted in Js losses. Devices that were processed in the
glovebox had high initial PCEs of (6.0+£0.2)%, whilst those processed in air had a reduced

initial efficiency of (5.3£0.1)%.
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Chapter 9 : Conclusions

9.0 Conclusions of Work Undertaken

The development of R2R processing of organic photovoltaics has opened up the possibility of
commercial scale production, with printing speeds of several kilometres an hour possible
using existing technology. Unlike many forms of inorganic PV, which need to be fabricated
onto ultra-pure crystalline substrates, OPVs can be fabricated onto amorphous substrate
materials, including flexible plastics such as PET [1], [2]. This not only lowers the costs of

manufacture, but also the embodied energy cost of the devices themselves.

However, although the printing technology is available, and several pilot R2R studies have
produced promising results [3], [4], there are several challenges inherent in OPV technology
that will need to be overcome before commercialization is possible. Low efficiencies and
operating lifetimes, in comparison to the more established inorganic photovoltaic
technologies, are issues that can only partially be compensated for by lower manufacturing

costs and embodied energy.

Improvements in initial device efficiencies have been achieved with the introduction of a new
generation of donor polymers, such as PCDTBT, with low lying HOMO levels [5]. Studies
have explored PCDTBT device stability and degradation pathways [6]-[8] and have
concluded that polycarbazole polymers have a high degree of photostability [9], and can be
used to create devices having extended operational lifetimes [6]. However, the stability of
OPV devices is limited by the oxygen and moisture sensitivity of the materials used. To

overcome this, oxygen and moisture free manufacturing environments such as gloveboxes,
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and high-grade encapsulation systems with very low moisture and oxygen ingress rates are
often used. Unfortunately, these manufacturing processes are expensive and energy intensive,
and alternatives need to be found to allow for OPV technology to be financially competitive

with silicon PV.

Throughout this work, the overarching theme was the study of OPV materials with the aim of
processing in air with little or no reduction in initial efficiency and operating lifetime. Both
active layer materials and interlayer materials were studied in detail, with the aim of
identifying materials that are air stable and result in high efficiency devices with long

operating lifetimes.

In Chapter 4, the effects on OPV device performance of exposure of MoOy HTLs to air was
studied. Ellipsometry measurements showed that air exposure resulted in a swelling of the
MoOy films on adsorption of water that was detrimental to device efficiency. However by
applying an initial thermal anneal to the MoOy film, this uptake of water could be partially
suppressed; a process that was shown to result from film densification. This result was then
used to fabricate OPV devices based on a blend of PCDTBT:PC,BM, with the active
semiconductor layer spin cast in air. Such air-processed devices had an average value for PCE
that was significantly larger than that of devices that were fabricated inside a nitrogen-filled
glovebox. This promising result suggested that the active layers of a polymer photovoltaic
device could be fabricated using an air-based processing route. These results were used in
later chapters to investigate the air stability of various donor polymers and the operational

lifetime of devices with different HTLs.
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Chapter 5 presented a study of the operational lifetime of OPV devices utilising three
different HTL materials; MoOy, PEDOT:PSS and V,0. The OPV devices were tested using a
laboratory weathering test conforming to the 1ISOS-L-1 testing standards [10] for 620 hours of
constant illumination. It was shown that OPV devices utilising a PEDOT:PSS HTL had
higher stability than comparable devices using a MoOy or V,0 HTLs, with extrapolated Tgo
lifetimes for devices utilising a PEDOT:PSS HTL being 14,500 hours (comparable to 7.2
years of outdoor use). These experiments demonstrated that the rate of degradation of the
device metrics is a significant function of the nature of the HTL material; a result that
confirms that degradation in the active layer does not completely account for the observed
reduction in device performance. Rather, the changes in FF, Js, and V. that were observed
during both burn-in and subsequent linear decay must also result from the formation of
additional trap states at the interface between the active layer and the hole transport layers,
due to generation of structural and electronic defects [7], as shown in both LBIC and ELM
images of the devices after ageing. The identification of PEDOT:PSS as a stable HTL

material was key to the work in the following chapters.

In Chapter 6, five donor polymer materials were used to study the effects of air processing on
initial device efficiency. The results suggest that carbazole and fluorene based conjugated
polymers have a relatively high degree of photostability that permit them to be processed (in a
polymer:fullerene blend) into the active layer of a photovoltaic device in air with little loss in
PCE. Indeed, in some cases, devices processed in air had an enhanced efficiency compared
with comparable devices processed under nitrogen; an affect that was attributed to changes in
the work function of the underlying PEDOT:PSS anode. It was hypothesised however that the
absorption of a small quantity of water by the PEDOT:PSS anode may result in reduced
operational stability of devices over extended time periods. In addition, PFDT2BT-8:PC,BM

active layers were shown to be stable in air for up to 5 minutes during the device run with
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little loss in device performance. This timeframe is commensurate with processing timeframes
for R2R processing, indicating that PFDT2BT-8 is a promising polymer for such

manufacturing processes.

In Chapter 7, the stability and degradation of OPV devices when tested outdoors under
conditions closely modelled on the 1SOS-O-2 outdoor test were studied. The effects of daily
and seasonal light intensity and temperature variation on device performance were
investigated, and were shown to have a marked effect on the measurement of device JV
characteristics. The effects of daily fluctuations in light intensity on JV characteristics were
observed, and it was shown that FF and V.. are largely independent, though Jg is extremely
dependent on light intensity. Tgo lifetimes of ~ 2500 hours were calculated, however, it is
clear that more data recorded over a longer period is required to remove JV measurement bias

introduced by seasonal variation in temperature.

In the final results section of this thesis, Chapter 8, the optimisation of a solution processed
OPV device that utilised a PEDOT:PSS HTL, a PFDT2BT-8:PC;,BM active layer and a TiOy
ETL was explored. The effects on device performance of processing the active layer and ETL
of the devices in the glovebox or in air were studied. It was found that processing the active
layer in air resulted in minor losses in FF, commensurate with previous findings, with
processing the TiOx ETL in air resulting in a more opaque film that resulted in Js; losses.
Devices that were processed in the glovebox had high initial PCEs of (6.0£0.2)%, whilst
those processed in air had a reduced initial efficiency of (5.3+£0.1)%. This promising result
suggests that it is possible to achieve high initial efficiencies for OPV devices whose active
layers and interlayers have been processed from solution in air - a key requirement for R2R

processing.
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9.1 Suggestions for Further Work

The work presented in this thesis provides some insight into the suitability of several
commonly used OPV materials to be processed in air into devices having long operating
lifetimes. However, additional work is required to further the understanding of the

mechanisms of some of the effects observed.

In Chapter 4, the effects of thermal annealing treatments and air exposure on MoOy were
discussed. Obtaining valid XPS and UPS results would also shed light on the mechanism that
causes the change in device performance, and how adsorbed moisture affects the structure,
stoichiometry, and energy levels of MoOy. Performing lifetime tests on OPV devices whose
MoOy HTLs had undergone different thermal treatments and air exposure protocols would
shed light on the effects of air exposure and adsorbed moisture on device lifetime. Other
forms of MoOy would also benefit from study, as several solution based processing methods
have been developed for this material [11]-[14], which would be more compatible with

commercial fabrication processes.

For the lifetime study reported in Chapters 5, the degradation processes caused by the
different HTL materials warrant a detailed investigation to identify the underlying
mechanisms. This could be achieved by characterisation using LBIC and ELM imaging both
before, during and after lifetime testing. Other techniques, such as FIB/TEM cross sections of
devices could be used to identify and track the formation of defects. The understanding and
minimising the causes of device degradation is imperative for the development of

commercially viable devices with long operating lifetimes.
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In Chapter 6, identifying the mechanism by which the polymers are oxygen doped under
illumination would allow for the design of new polymers specifically designed to be air stable

and appropriate for use in R2R fabrication.

The ongoing outdoor lifetime study detailed in Chapter 7 is planned to continue until August
2015, at which point it will be possible to extrapolate device lifetime without complicating
temperature effects. Outdoor studies are key to the understanding the real world stability of
OPVs, as our measurements using conventional solar simulators indicate that additional

degradation pathways result from fluctuations in temperature and light intensity.

A natural progression of the research presented in this thesis is the development of fully air
and solution processed devices. In Chapter 8, devices whose HTL, ETL and active layer
were all solution processed in air were fabricated and achieved a high PCE of > 5%.
However, the use of an isopropoxide precursor for the TiOy is likely to be a cause of device
stability issues, due to the action of the precursor material on the active layer causing damage
and leading to device degradation [15]. A detailed lifetime study of these devices is needed to
identify the sensitivity of the polymer to the precursor material, and if appropriate identify
other synthetic techniques to produce TiOy ETL layers that do not impact on device stability.
In addition to this, the development of solution processed anode and cathode materials is
needed to allow for devices to be processed entirely from solution, and therefore be
compatible with R2R (a result demonstrated in other studies [3], [16] using screen printing
techniques). Preliminary experiments were carried out investigating a solution processable
aluminium nano-particle suspension deposited by spray coating. However, the solvents used
in the suspension were not compatible with the underlying materials, and dissolved the entire

structure.
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Appendix

MATLAB Code for Laboratory Lifetime Testing System

close all
clear all
clear global
clc

0/0/0/0/0/0.

%user variables

0/0/0/0/0/0.

batch="'0pPv140611";
base_directory="'cC:\Users\Lifetime Tester PC\Desktop\Users\Ed\Thesis Calibration\6 LT LT Board
K2400 Left wall LT Computer';

%set number of repeats (through all devices) and delay between repeats (s)
%NOTE: Measurement takes ~120s per device (normal accuracy) ~1000s for all
%8, including the time it takes to take PD and Temp measurements.

%e.g. measuring 8 devices, 30min delay between measurements = 800s delay

repeats=1; %repeated measurements of all devices that are being tested
deTay_between_repeats=0; %in seconds
delay_between_devices=0; %in seconds

start_device=1; %Device number to start testing (populate board from this number)
end_device=8; %Device number to stop testing at(populate board up to this number)

start_pixel=1l; %Program will start testing from this pixel
end_pixel=6; %and finish with this pixel (1-6 only)

%New sytle substrates (single anode, pixellated cathode)

%device_area=0.02606; %cmA2 - New substrate, 6 pixel 'legless' version with mask. APETURE
MASK #2!
device_area=0.0400; %cmA2 - New substrate, 6 pixel 'legless' version without mask

%01d style substrates (single cathode, pixellated cathode)

%device_area=0.0212; %cmA2 0.0212 for standard 6 pixel with aperature mask

%device_area=0.048; %cmA2 - for standard 6 pixel without apeture mask (0.048 = corrected area,
0.045 = original area)

%device_area=0.0400; %cmA2 - New substrate, 6 pixel 'legless' version without mask

%Device architecture.

%For Pixellated Cathode Substrate (new style) Board use 1 for normal and 0 for inverted
%For Pixellated Anode Substrate (old style) Board use 0 for normal and 1 for inverted
invertedl=1;

inverted2=1;

inverted3=1;
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inverted4=1;
inverted5=1;
inverted6=1;
inverted7=1;
inverted8=1;

%Device state in between measurements.

%NOTE: Only pixels selected below will be shorted
%0 = Open circuit

%1 = Short Circuit

Devicel=0;
Device2=0;
Device3=0;
Device4=0;
Device5=0;
Device6=0;
Device7=0;
Device8=0;

%Pixel state in between measurements (will be the same for all devices that are shorted)
%0 = Open circuit
%1 = Short Circuit

Pixel1=0;
Pixel2=0;
Pixe13=0;
Pixel4=0;
Pixel5=0;
Pixe16=0;

high_accuracy=0; %use if you want high accuracy measurements (will take between 2x and 10x
Tonger)
%this will put the K2400 on autorange, increase the settle time and GPIB timeout

%Dev Number for USB Board
%dev_number="Devl';

dev_number="LTE"';
%dev_number="LTE"';

0/0/0/0/0. 0/0/0/0/0/0.
0/0/0/0/0/0/0/0/0/0/0/0/0/0,
0/0/0/0/0/0. 0/0/0/0/0. 0/0/0/0/0/0. 0/0/0/0
0/0/0/0/0/0/0/0/0/0/0/0/0/0, 0/0/0/0,
0/0/0/0/0/0. 0/0/0/0/0/0/0/0/0/0/0/0/0. 0/0/0/0/0/0.
0/0/0/0/0/0, 0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0,
MATLAB SCRIPT BELOW - DO NOT EDIT%%%%%
0/0/0/0/0/0/0/0/0/0/0/0/0/0,
0/0/0/0/0/0. 0/0/0/0/0. 0/0/0/0/0/0. 0/0/0/0
0/0/0/0/0/0/0/0/0/0/0/0/0/0,
0/0/0/0/0/0. 0/0/0/0/0. 0/0/0/0/0/0. 0/0/0/0
0/0/0/0/0/0/0/0/0/0/0/0/0/0, 0/0/0/0/0, b%%%% bAKUARY% 6%%%
0/0/0/0/0/0/0/0/0/0/0/0/0/0,
0/0/0/0/0/0. 0/0/0/0/0. 0/0/0/0/0/0. 0/0/0/0

%set up the inverter array for either normal or inverted operation

inverter=1;
inverted_array=[invertedl,inverted2,inverted3,inverted4,inverted5,inverted6,inverted7,inverted
81;

0/0/0/0/0/0/0/0/0/0/0/0/0/0,
0/0/0/0/0, 0/0/0/0/0/0. 0/0/0/0/0. 0/0/0/0/0/0. 0/0/0/0

%Create Sub Directories for devices 1-8, Photodiodes and Thermometers
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0/0/0/0/0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0/0/0/0, 0/0/0/0/0/0,

for device=1:8

sub_directory=[base_directory, '\D', num2str(device)];
if exist(sub_directory, 'dir')~=7
mkdir(sub_directory);
display(['making directory ', sub_directoryl);
else
display('directory already exists');
end

end

sub_directory=[base_directory, '\PD'];
if exist(sub_directory, 'dir')~=7
mkdir(sub_directory);
display(['making directory ', sub_directory]);
else
display('directory already exists');
end

sub_directory=[base_directory, '\T'];
if exist(sub_directory, 'dir')~=7
mkdir(sub_directory);
display(['making directory
else
display('directory already exists');

, sub_directory]);

end

0/0/0/0/0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0/0/0/0,

0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0

%Initialise USB Interface and set all values to 0

0/0/0/0/0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0/0/0/0,

0/0/0/0/0/0/0/0. 0/0/0/0/0/0.

[usB6501, USB6501_outputs]=Initialise_USB6501(dev_number);

0/0/0/0/0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0/0/0/0,

0/0/0. 0/0/0/0/0/0. 0/0/0/0

%set up Keithley Interface

0/0/0/0/0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0/0/0/0,

0/0/0/0/0/0/0/0. 0/0/0/0/0/0.

K2400_GPIB_address=10; % Keithley 2400 GPIB Address
initial_settle_time=0.25;

if high_accuracy==1;
%sSet very long timeout as measurements are slow
GPIB_timeout=300;%seconds
%set long settle time
settle_time=0.2;%seconds
else
%set normal timeout
GPIB_timeout=300;%seconds
%set normal settle time
settle_time=0.02;%seconds
end

%Create the GPIB object for talking to the K2400
K2400 = gpib('ni',0,K2400_GPIB_address);
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%set the interface mode

set(K2400, "EOSMode', 'read&write');
%set the end of line characters
set(K2400, 'EOSCharcCode',"'LF");
%set timeout

set(K2400, 'Timeout',GPIB_timeout);

set(K2400, 'InputBuffersize', 20000);
set(K2400, 'outputBuffersize', 20000);

%open the interface
fopen(K2400) ;

%Restore GPIB defaults
fprintf(kK2400, ':*RST")
%Clear buffer
fprintf(kK2400, ' : TRAC:CLE")

0/0/0/0/0.

0/0/0/0/0/0.

0/0/0/0/0.

0/0/0/0/0/0.

%initiate all the data arrays to the correct size. This is not in general
%necessary with matlab but it does mean that we can run 1 individual pixel and the data

%formatting for the output to file remains the same which is useful.

Efficiency(6)=0;

FF(6)=0;

Jsc(6)=0;

voc(6)=0;

max_power(6)=0;

vmpp (6)=0;

Jmpp(6)=0;

PD(8)=0;

T(4)=0;
current_density(101,6)=0;

tic

for repeat=1:repeats

disp(['Repeat

0/0/0/0/0/0/0/0/0/0, 0/0/0/0/0,

, hum2str(repeat), ' of ', num2str(repeats)] );

0/0/0/0/0.

% Photodiode and Thermometer Measurements

0/0/0/0/0/0/0/0/0/0, 0/0/0/0/0, 0/0/0/0/0/0,

0/0/0/0/0/0.

0/0/0/0/0/0/0/0

0/0/0/0/0,

% Restore GPIB defaults
fprintf(kK2400, ' :*RST")
%Clear buffer
fprintf(kK2400, ' : TRAC:CLE")

0/0/0/0/0/0.

0/0/0/0/0/0/0/0
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%SET SOURCE MODE, RANGE and COMPLIANCE
%set source mode (voltage)
fprintf(K2400, ':SOUR:FUNC VOLT')

%set voltage range

fprintf(K2400, ':SOUR:VOLT:RANG 20')
%set current compliance level (mA)
fprintf(K2400, ':SENS:CURR:PROT 10E-3')

%SET MEASUREMENT MODE, RANGE

%set measurement mode (current)
fprintf(K2400, ':SENS:FUNC "CURR"'")
%set current measurement range
fprintf(K2400, ':SENS:CURR:RANG 10E-3')
%set to current read only
fprintf(K2400, ':FORM:ELEM CURR')

0/0/0/0/0/0,

0/0/0/0/0/0/0/0, 0/0/0/0/0/0. 0/0/0

%Photodiode Measurement

0/0/0/0/0/0,

0/0/0/0/0/0/0/0, 0/0/0/0/0/0. 0/0/0

for photodiode=1:8

if photodiode==1
USB6501_outputs(9)=1;
elseif photodiode==2
USB6501_outputs(10)=1;
elseif photodiode==
USB6501_outputs(11)=1;
elseif photodiode==4
USB6501_outputs(12)=1;
elseif photodiode==5
USB6501_outputs(13)=1;
elseif photodiode==6
USB6501_outputs(14)=1;
elseif photodiode==7
USB6501_outputs(15)=1;
elseif photodiode==8
USB6501_outputs(16)=1;
end

USB6501_outputs(1)=1;
putvalue(USB6501,USB6501_outputs);

%allow current to settle and take current reading
pause(initial_settle_time);

%Set voltage output value (0V)
fprintf(K2400, ':SOUR:VOLT:LEV 0')
%turn output on

fprintf(K2400, ':0UTP ON')
%trigger reading

fprintf(K2400, ':READ?')

%Pause to allow measurement to take place
%pause (0.25)
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%
%

%
%

%read it off the GPIB
raw_data = fscanf(K2400);

%turn output off
fprintf(K2400, ':0UTP OFF')

%turn the text into an array of numbers
processed_data = sscanf(raw_data, '%g,"');
%and pick off the measurement we want
PD(photodiode) = processed_data;

disp(['Reference photodiode

,num2str(photodiode),' current=" num2str(PD(photodiode)) 1);

USB6501_outputs=Togical([0 0 0 0 0 0 0 0 0 O O 0 0 O O O O O O O O O
0 0D;

putvalue(USB6501,USB6501_outputs);

end

%write photodiode measurements to file
directory=[base_directory, '\PD'];
fid=fopen([directory, '\PD.csv'],'a");

fprintf(fid, 'PD,%g,%g9,%9,%d,%d,%d9,%9,%g,%g\n',toc,PD);
fclose(fid);

26767676062 2676767 '0/0/0/0/0. '0/0/0/0/0/0. 00000%%%
%Thermometer Measurement

26767676062 267676767 '0/0/0/0/0. '0/0/0/0/0/0. '0/0/0/0/0/0/0/0
for temp=1:4
if temp==1

USB6501_outputs(9)=1;
elseif temp==2
USB6501_outputs(10)=1;
elseif temp==3
USB6501_outputs(1l)=1;
elseif temp==4
USB6501_outputs(12)=1;
end

USB6501_outputs(8)=1;
putvalue(UsB6501,USB6501_outputs);

%allow current to settle and take current reading
pause(initial_settle_time);

%Set voltage output value (0V)
fprintf(K2400, ':SOUR:VOLT:LEV 0')
%turn output on
fprintf(K2400, ':0UTP ON')
%trigger reading
fprintf(k2400, ':READ?')

%Pause to allow measurement to take place
%pause (0.25)
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%read it off the GPIB
raw_data = fscanf(K2400);

%turn output off
fprintf(K2400, ':0UTP OFF'")

%turn the text into an array of numbers
processed_data = sscanf(raw_data, '%g, ');
%and pick off the measurement we want

T(temp) = -273.15 -(1E9/227)*processed_data ;

disp(['Temperature

, hum2str(temp), ' ="', num2str(T(temp)) 1);

USB6501_outputs=logical([0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
0 01);

putvalue(USB6501,USB6501_outputs);
end

%write thermometer measurements to file
directory=[base_directory, '\T'];
fid=fopen([directory, '\T.csv'],'a");
fprintf(fid, 'T,%9,%9,%9,%d,%g\n',toc,T);
fclose(fid);

0/0/0/0/0/0,

%set up Keithley for JV measurement

0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0/0,

0/0/0/0/0/0/0/0, 0/0/0/0/0/0. 0/0/0

0/0/0/0/0/0/0/0, 0/0/0/0/0/0,

% Restore GPIB defaults
fprintf(K2400, "' :*RST')

%Clear and set up buffer
fprintf(K2400, ' :TRAC:CLE")

%set up buffer size
fprintf(K2400, ' :TRAC:POIN 101')

%turn off concurrent functions
fprintf(K2400, ' :SENS:FUNC:CONC ON'")
%set up source mode (voltage)
fprintf(K2400, ' :SOUR:FUNC VOLT"')

%set measurement mode (current)
fprintf(K2400, ' :SENS:FUNC "CURR"')
%set current Timit
fprintf(K2400, ' : SENS:CURR:PROT 10E-3')
fprintf(K2400, ' :SENS:CURR:RANG:AUTO OFF')
%Set NPLC
fprintf(K2400, ' :SENS:CURR:NPLC 1');
%set voltage start
fprintf(K2400, ' :SOUR:VOLT:START -1")
%set voltage stop
fprintf(K2400, ' :SOUR:VOLT:STOP 1.0")
%set voltage step

fprintf(K2400, ':SOUR:VOLT:STEP 0.02')
fprintf(K2400, ' :SOUR:CLE:AUTO ON')
%set voltage sweep
fprintf(kK2400, ' :SOUR:VOLT:MODE SWE')
%set fixed range on source
fprintf(K2400, ' : SOUR:SWE:RANG FIX')

0/0/0

0 0 0 0O
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%set sweep type (linear)

fprintf(K2400, ' :SOUR:SWE:SPAC LIN'")

%trigger count (=number of sweep points = stop-start/step +1)
fprintf(kK2400, ' : TRIG:COUNT 101')

fprintf(kK2400, ' :TRIG:DEL 0')

%set source delay

fprintf(kK2400, ':SOUR:DEL 0.1')

for device=start_device:end_device

%set the Inverter for inverted or normal devices
inverter=1;
if inverted_array(device)==1;
inverter=-1;
end

%clears figure in between devices
clf;

di Sp( Paedededededededededeededeededededededefededeedede e

disp(['Testing Device #', num2str(device), ' of ', num2str([end_device-start_device+1])]
s

t=clock;

time_string=[num2str(t(1)),"."',num2str(t(2)),"'.",num2str(t(3)),"
ynum2str(t(4)), . ", num2str(t(5)), . ",num2str(round(t(6)))];

directory=[base_directory, '\D', num2str(device)];

file_name=[time_string,' ',num2str(batch),'-', 'Device', num2str(device), ' Repeat',
num2str(repeat),];

file_path=[directory,'\"',file_name,'.csv'];

%turn off everything for safety reasons

USB6501_outputs=logical([0 0 0 0 0 0 O O 0 O O O O O O O OO O O O O
0 01;

putvalue(UsSB6501,USB6501_outputs);

if device==1
USB6501_outputs(9)=1;
elseif device==2
USB6501_outputs(10)=1;
elseif device==
USB6501_outputs(1l)=1;
elseif device==4
USB6501_outputs(12)=1;
elseif device==
USB6501_outputs(13)=1;
elseif device==6
USB6501_outputs(14)=1;
elseif device==7
USB6501_outputs(15)=1;
elseif device==8
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USB6501_outputs(16)=1;
end

for pixel= start_pixel:end_pixel

%Clear buffer
fprintf(K2400, ' :DATA:CLE")

%enable buffer
fprintf(K2400, ' : TRAC: FEED:CONT NEXT')

%debugging point 2
%disp(['DP2', ' Rep=',num2str(repeat),' Dev=',num2str(repeat),'
Pix=",num2str(pixel), ' Inverter=', num2str(inverter)]);

if pixel==1;
USB6501_outputs(2)=1;
elseif pixel==2
USB6501_outputs(3)=1;
elseif pixel==
USB6501_outputs(4)=1;
elseif pixel==4
USB6501_outputs(5)=1;
elseif pixel==
USB6501_outputs(6)=1;
elseif pixel==6
USB6501_outputs(7)=1;
end

%switch on pixel by sending value to board
putvalue(USB6501,USB6501_outputs);
pause(0.5);

%Display: Device X Pixel X on
d1 Sp( [ Vardedededededededededededeedededededededededefededefedededeed ])

disp(['Device ',num2str(device),' Pixel ',num2str(pixel),' on'])
%Pause if necessary

pause(initial_settle_time);

%Initiate readings
fprintf(K2400, ' :INIT")

disp('Reading Currents')

%Pause to allow measurement to take place ~7s
%pause (7)

%Recall data from buffer (voltage,current,time,resistance,?)
fprintf(K2400, ' : TRAC:DATA?');

%Turn huge data string into numbers
raw_data=str2num(fscanf(k2400));

%Pick out data we want
voltage=inverter * raw_data(1:5:505)";
current=inverter * raw_data(2:5:505)";
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%f1ip data if inverter=-1 to make sure Voc is correctly calculated
if inverter==-1;

voltage=flipud(voltage);

current=fTipud(current);
end

current_density(:,pixel)=1000*current/device_area;

%switch off pixel
USB6501_outputs(pixel+1)=0;
putvalue(USB6501,USB6501_outputs);

disp('Plotting')
plot(voltage,current_density(:,pixel)); grid on; hold on;

disp('calculating key parameters')
%calculate key parameters
power=abs(voltage.*current); %watts
%find key parameters

max_power (pixel)=0;
max_power_data_point=1;
Jsc(pixel)=0;

Voc(pixel)=0;

for i=1:1:101
if voltage(i)==0;
Jsc(pixel)=current_density(i,pixel);
end
if voltage(i) > 0 && current(i) <= 0 && <101
Voc(pixel)= voltage(i) + (O-current(i)) * (voltage(i+l)-voltage(i)) /
(current(i+1l)-current(i)) ;
if power (i)>=max_power(pixel);
max_power_data_point=1i;
max_power (pixel)=power(i);
end
end
end

vmpp (pixel)=voltage(max_power_data_point);
Jmpp(pixel)=current_density(max_power_data_point,pixel);

%disp(['vmpp=",num2str(Vmpp(pixel))]);
%disp(["Impp=",num2str(Impp(pixel))]);

%calculate efficiency from the maximum output power divided by the input
%power of the device area times the solar power density

%(1000 watts/mA2 = 0.1 %W/cmA2)

%x100 to turn into percent
Efficiency(pixel)=100*max_power(pixel)/(device_area*0.1);
FF(pixel1)=100*vmpp (pixel)*Impp(pixel)/(voc(pixel)*Isc(pixel));

disp(['PCE=",num2str(Efficiency(pixel)),' IJsc=',num2str(Isc(pixel)),’
voc=",num2str(voc(pixel)),' FF=',num2str(FF(pixel))]);

KKI6)67676767676767676) Y LS SIS 0/0/0/0/0/0/0
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%write JV data to file for this device in the device subdirectory

%write data file for this device

fid=fopen(file_path, 'w');

fprintf(fid, 'Bias,J(pixel 1),3(pixel 2),3(pixel 3),I(pixel 4),31(pixel 5),I(pixel
6)\n');

fprintf(fid, 'v,mA/cmA2 ,mA/cmA2 ,mA/cmA2 ,mA/cmA2 ,mA/cmA2 ,mA/cmA2\n") ;

fprintf(fid, '%g9,%9,%9,%9,%g,%d,%g\n', [voltage ,current_density].');

fprintf(fid, '\n\n");

fprintf(fid, 'Parameter,Pixel 1,Pixel 2,Pixel 3,Pixel 4,Pixel 5,Pixel 6\n');
fprintf(fid, 'voc (V),%g,%g,%g9,%9,%g,%g\n',voc);

fprintf(fid, 'IJsc (mA/cmA2),%g,%9,%d,%d,%gd,%g\n"',Isc);

fprintf(fid, 'FF (%%) ,%g,%9,%9,%9,%g,%g\n" ,FF) ;

fprintf(fid, "vmpp (V) ,%g,%g,%g,%g,%g,%g\n" ,vmpp) ;

fprintf(fid, "IJmpp (MA/cmA2),%g,%g,%9,%d,%d,%dg\n",Impp);

fprintf(fid, 'Efficiency (%%),%g,%g,%g,%9,%g,%g\n',Efficiency);

fprintf(fid, '\n\n");
fprintf(fid, '\nDevice Area,%g,cmA2',device_area);
fprintf(fid, '\nsettle_time,%g,seconds',settle_time);

fclose(fid);
%disable buffer - needs to be done so the buffer can be
%cleared before the next reading is taken.
fprintf(K2400, ' : TRAC: FEED:CONT NEV')

end

%Append data to summary files for this device in the device subdirectory

%for voc
fid=fopen([directory, '\Voc.csv'],'a");

fprintf(fid, '%s,%s,%s,%g9,%g,%d,%d,%d,%g,%g\n" ,time_string,batch,['D',num2str(device)],toc,Vvoc)

fclose(fid);

%for Jsc
fid=fopen([directory, '\Jsc.csv'],'a");

fprintf(fid, '%s,%s,%s,%g,%9,%d,%9,%9,%g,%g\n" ,time_string,batch,['D',num2str(device)],toc,Isc)

fclose(fid);

%for FF
fid=fopen([directory, '\FF.csv'],'a');

fprintf(fid, '%s,%s,%s,%g,%9,%d,%9,%9,%g,%g\n" ,time_string,batch,['D',num2str(device)],toc,FF);
fclose(fid);

%for PCE
fid=fopen([directory, '\PCE.csv'],'a');

fprintf(fid, '%s,%s,%s,%g,%9,%d,%9,%9,%d,%g\n" ,time_string,batch,['D',num2str(device)],toc,Effi
ciency);
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fclose(fid);

%for vmpp
fid=fopen([directory, '\VMPP.csv'],'a"');

fprintf(fid, '%s,%s,%s,%9,%g,%d,%9,%9,%g,%g\n' ,time_string,batch,['D',num2str(device)],toc,Vmpp
)N
fclose(fid);

%for JImpp
fid=fopen([directory, '\JMPP.csv'],'a"');

fprintf(fid, '%s,%s,%s,%g9,%g,%d,%9,%9,%g,%g\n"' ,time_string,batch,['D',num2str(device)],toc,Impp
)N
fclose(fid);

pause(delay_between_devices);

end

0/0/0/0/0/0. 0/0/0/0/0. 0/0/0/0/0/0. 0/0/0/0

%Set devices in open or short circuit after measurements

0/0/0/0/0/0. 0/0/0/0/0. 0/0/0/0/0/0. 0/0/0/0

USB6501_outputs=logical ([0 Pixell Pixel2 Pixel3 Pixel4 Pixel5 Pixel6 0 Devicel
Device2 Device3 Device4 Device5 Device6 Device7 Device8 1 0 0 0 0 O 0 0D;
putvalue(USB6501,USB6501_outputs);

pause(delay_between_repeats);
end

%turn everything off

USB6501_outputs=Togical([0 0 0 0 0 0 O O 0 0O O O O O O O O O O O O O O
01);

putvalue(USB6501,USB6501_outputs);

%turn output off
fprintf(k2400, ':0UTP OFF')

%close down instruments
% Restore GPIB defaults
fprintf(K2400, ' :*RST")
fprintf(k2400, ':*CLS ')
fprintf(K2400, ':*SRE 0');

delete(UsB6501); clear USB6501;

%delete GPIB objects
fclose(K2400) ;deTete(K2400) ;clear K2400;
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