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Abstract

Abstract

A range of proficient polymer-donor and fullerene acceptor materials for active layers used in
solar devices, such as polymer-based solar cells have been developed and the hole transport
layer (HTL)/anode buffer layer (ABL) such as MoOgs, works properly in such device and
appropriate for solar materials engineering. However the charge transfer mechanism at the
adjacent metal oxides/organic interfaces has not been fully understood due to the lack of
technique to quantifying the dipole at the interfaces. Without a direct characterisation, the
schematics of energy band shift and bending are ambiguous. Based on that, three main
achievements will be shown in this research and can be applied in the solar cell fabricating and
similar material engineering: (a) the technique of direct quantifying the dipole strength and its
energetic distribution at the metal oxides/organics interfaces; (b) the working mechanism of
charge transfer over the HTL/organics interfaces; (c) the characterisation of the changes upon
dipole strength with different treatments, which occur in the device fabrication. To achieve the
outcomes and a fundamental understanding of the materials properties and engineering of the
interfaces formed with metal oxides and organics, a powerful combination of experimental
techniques has been adopted to characterise the energetic and chemical properties of the

materials and interfaces.

First, the nature of interface forming at MoO3z/P3HT:PCe1BM BHJ has been investigated. The
mixing phase of components and formation of dipole at the interface are observed. Electron
spectroscopy is employed to determine the strength of the dipole at the interface and the
minimum deposition thickness to form a closed layer. The energy distribution at the interface
is further exhibited. The work shows that upon evaporation of MoOs3, the strength of the dipole
increases with a higher thickness of the MoOz layer and saturates at a thickness around 3nm at
2.2 eV. The methodology for a directly characterisation of dipole has been shown and the
mechanism for charge transfer is discussed. As such the interfaces forming at V.Os/BHJ and

WO3/BHJ are further studied and the comparison in-between has been made.

A range of the value of electrical properties such as workfunction of MoO3 has been reported

once air exposure occurs. Investigation into the interface of MoO3/P3HT:PCs:BM BHJ upon
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exposure has been made and both the WF and the dipole forming at such interface are
significantly influenced. Electron spectroscopy shows the adsorption of mainly H2O on the
metal oxide surface upon exposure, which also diffuses to the interface. The invasion of H20
dielectric affects both the electrical properties of MoOs and the dipole formation at the interface
by free- orientating and encountering the dipole direction. A comprehensive energy structure
of the MoO3/BHJ interface upon air exposure has been constructed. From which, the charge
injection mechanism can be eliminated after exposure for 30min. The samples of V205 and
WO3 with conjugated P3HT:PCs:BM exposed to atmosphere have been further studied. The
nature is similar to MoOs/BHJ and the difference of energy structure construction upon
exposure is illustrated. The finding is rather important for solar cell engineering due to the

application of general fabrication.

A simulation of vacuum-annealing process of solar cell material engineering has been made on
P3HT:PCs:BM BHJ and the MoOz/BHJ interface, respectively. Our research shows that upon
annealing of BHJ before deposition of MoOs, a sharp interface with less mixing phase can be
achieved. The mean dipole strength keeps constant so that the charge transfer would not be
affected. On the other side, annealing upon MoO3s/BHJ interface causes the reduction of MoOx
and a heavier penetration into the BHJ. The interface region has been broadened, however the
mean dipole strength is noticeably reduced. The charge injection transport is thus not
energetically supported, leading to a conventional “HOMO-VB” transport and the device

performance can be altered.

The methodology for characterising the dipole is also applied on the interface formed with
MoO3/TQ1:PC7:BM BHJ. The penetration of MoOsz into BHJ is observed and the distribution
of energy states at the interface is determined. It can be seen that a dipole with higher energy
was formed at the MoOs/TQ1l:PC71BM interface in comparison with that of
MoO3/P3HT:PCe¢1BM interface. The root of the difference has been addressed.
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Chapter 1. Introduction and Research Aims

1.1.  Review of the Polymer-Based Organic Photovoltaic

The section follows a structure that the solar cell of all categories will be discussed first. After
which we will focus on organic solar cell and then subordinate polymer-based cell. The

development and landmarks of such photovoltaic (PV) devices will be illustrated.
1.1.1. Solar Cell : Background

The demand for green energy has been highlighted in recent decades due to the fact that there
are enormous drawbacks with conventional energy resources, such as fossil fuels and coals.
These polluting, non-renewable resources can bring about the greenhouse effect and global
warming, which are real with us and escalating constantly M. As a consequence the use of

renewable energy, e.g. solar cells, is promoted and increasing in recent years.

Since the first applicable solar cell was designed in 1956 by the Alcatel-Lucent Bell Group 2,
solar cells across a range of different types have been developed. Such cell devices are
commonly capable of harvesting solar energy which can be transferred to electricity by PV
effects > ° that were initially discovered by Becquerel. The burgeoning industrialisation of
solar cell panels, especially in Europe and Asia, has encouraged the investment in the research
field of solar cell, and the researches are boosting its power conversion efficiency (PCE). For
instance the certificated PCE of silicon-based solar cells made by Kaneka [ has increased to
26.7% in 2017 due to the optimised passivation of front emitter and rear contact. The
certificated PCE record of organic photovoltaic (OPV) device made by Toshiba is about 11.2%

[l in 2015. The cascade structure is based on a tandem cell with multi-donor and acceptor.
1.1.2. Organic Solar Cell : Background

The first organic semiconductor used for photovoltaic effect was achieved in the mid-20th
century Bl In comparison with silicon-based solar cells and other kinds of inorganic solar cells,
organic cells are more flexible, convenient and low-cost, which makes them promising in a
large field of application such as building-integrated photovoltaics (BIPV) and wearable

electronic devices. A significant difference between the inorganic and organic solar cells is the
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charge dissociation mechanism with absorbed photons. The inorganic PV is based on a typical
homo- or hetero- PN junction while the mechanism for the latter one is excitonic PV effect.
Different types of OPV have been developed. The category can be divided into: Dye-sensitised
solar cells (DSSCs), polymer-based donor-acceptor solar cells and hybrid cells with
inorganic/organic structure. The sensitiser of dye in DSSCs works as an oxidant, which is
reduced by an electrolyte while further reduction occurs by a counter-electrolyte 1. The
hybrid solar cell, such as perovskites, works in a similar way with DSSCs. The certificated
PCE of a single-junction perovskites solar cell made by KRICT ™ 1 has peaked at 20.9% in
2017. That is much higher than DSSCs due to the advantages in charge mobility and the
diffusion length in perovskites materials (typically CH3NH3PbXs, X indicates a variation of

Halogen atom).
1.1.3. Polymer-Based Solar Cell : Background

This research is based on the structure of polymer-based solar cell. The history of polymer solar
cell can be traced back to 1986. A bilayer small molecule organic solar cell was first invented
by Tang [ 1 with a PCE of 0.9%. In 1992 pioneering work blending soluble conjugated
polymer and fullerene led to the fabrication of the first bulk heterojunction (BHJ) structure
used for OPV. The electronic characterisation of such polymers and fullerenes was done in
1995 by Friend’s group ! which made remarkable progress in understanding the donor-

acceptor working mechanism of polymer-fullerene heterojunctions.

Later work followed the achievements of the pioneers. The optimisation and substitution of
applicable acceptor materials brought further success. The MEH-PPV: Cg as donor and
acceptor heterojunction was applied in 1992. The solar cell made of such active layer materials
achieved a PCE of 2%. In 1995, Yu’s group 2 made a substitution of Ceo by a modified
derivative-Phenyl-C61-butyric acid methyl ester (PCe1BM) in 1995, resulting in an increase of
the PCE to 2.9%. The advantage of acceptor PCs1BM has been addressed to its higher solubility
and appropriate electron affinity and ionisation potential for charge transfer. [6,6]-Phenyl-C71-
butyric Acid Methyl Ester (PC7:.BM) was synthesised based on Cro prototype, which produces
30% higher current density then PCs1BM [ 12 due to its optimised light absorption. Ongoing

research on the fullerene-donor has commenced, essentially based on the modification of

2
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benzene ring, carbon chain and the ester. For instance, the conjugated NHCS 2%l has been
tailored with PCs:BM ester and named F-NHCS by John.A. The F-NHCS acceptor has
wavelength absorption from 250-900 nm, which is much broader than conventional fullerene

acceptors. The optimisation upon light absorption results in a boost in photon-current density

(\] s(;) .

In 1993, Fred and Srdanov ' 151 successfully synthetised the MEH-PPV, which served as donor
materials. Since that time researchers have been improving the donor polymers for a better
device performance. Enormous efforts have been put on the synthetic fabrication procedure
and modification of the molecular chain of polymers. The enhancement of solubility, electrical
and optical properties leads to a noticeable promotion of the cell PCE. Small molecular
compounds also contributed to serve as donor organics however they do not work as well as
polymer compounds, but novel research and modification of small-molecule compounds
makes the use of donor. The release of polythiophene conjugated polymer donors- Poly(3-
hexylthiophene-2,5-diyl) (P3HT) was considered as a landmark in achieving high-performance
polymers. P3HT triumphs over contemporary products due to its high charge mobility,
appropriate solubility and simple structure. The blending of P3HT and IC70BA has been
adopted by Xiao.G for the active layer which achieves a PCE of 7.4% P! of the device.
Derivatives PTB7 and Poly [[2,3- bis(3-octyloxyphenyl)- 5,8-quinoxalinediyl]- 2,5-
thiophenediyl] (TQ1) can be other alternatives. The energy structures are different from P3HT.
The highest occupied molecular orbital (HOMO) energy is comparably higher, resulting in an
optimised optical response. The absorption spectrum is significantly enhanced in the red-

wavelength region as reported [61,

As overviewed by Antonio Y1 the polymer donor—polymer acceptor (all-polymer) solar cells
have been highlighted from 2012. Friend and Heeger [ first adopted conjugated polymers of
cyanate-poly (phenylenevinylene) PPV backbones. In the circumstance, the excitons generated
from absorbed photons can be effectively dissociated to free charges at the blending interfaces
of the polymers. MEH-PPV and C6-CN-PPV have been mixed by Friend ™. The optical
response can be enhanced by using such heterojunction, leading to a higher open-circuit voltage

(Voc) and external quantum efficiency (EQE). In 2017, Yikun 1) reported an achievement of
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PCE of 8.48% by using the blend of PTB7-Th:NDP-V for donor and acceptor polymers. The
promotion can be attributed to effective charge transfer over the interfaces and an enhancement

upon the shorter-wavelength range response.

1.2.  Mechanism of Polymer Based Solar Cell

In this section the typical structures of polymer solar cell is schematised including the inverted
and conventional structure. The illustrated types are based on polymer-fullerene blended-bulk
heterojunction active layer studied in the research. The working mechanism and

characterisation of cell performance is elaborated.
1.2.1. Polymer-Based Solar Cell : Structure

Figure 1-1 shows the typical structure of polymer-based solar cells from laboratory and
commercialisation, along with an energetic level diagram of the inverted schematic. The
conventional structure is illustrated. In such device a transparent glass or plastic is used for
substrate which is coated with ITO or FTO for a conductive contact with hole transport layer
(HTL) or anode buffer layer (ABL). Organic adhesive poly (3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS)!8 19 can be a highlighted application for HTL due to its
intensive interaction with the active layer. The photo-active layer is a blend of polymer-
fullerene BHJ layer. The electron transport layer (ETL) /cathode buffer layer (CBL) is thus
coated on the BHJ active layer. The typically-adopted material for electron interfacial layer is
ZnO or TiO2 because of the proper energy level alignment. Low workfunction (WF) conducting
metal has been selected to ensure the proper electron transition over the interface and low

resistance of the electrode. Ca, Li or Al and their alloys can be inserted.
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(C) Charge transport
(A) Conventional Structure  (B) Inverted Structure (Inverted)

ITO Anode/transition glass ITO Cathode/transition glass

ETL
Cathode Tg

HTL

Photoactive
polymer BHIJ layer

— 1
®0
I

Metal Anode(high WF)

Metal Cathode (low WF) Evac ——— HigherEnergy

Figure 1- 1. The diagrams of conventional and inverted structure of polymer solar cell. The

charge transfer based on inverted structure solar cells is shown

The schematic with an inverted structure (Figure 1-1 (B)) has been attracting attention for
several years and significant effort has been exerted to improve the device performance. In the
structure the concept for anode and cathode materials is reversed [ 2% 21 |1TO or FTO coated
glass serves as transition cathode while ZnO is typically used for ETL due to the alignment of
energy structure at the interface > 2%l On the other side, high WF metal oxides, e.g. MoOs,
V205 and WO3, are commonly applied for HTL. The advantage has been determined [24-261
because these metal oxides are capable of extracting charge from either BHJ active layer or
electrodes, thus enhancing the charge transfer over the interfaces. The materials for anode,
however, needs to reconsider due to the alignment towards valence band (VB) of HTL. The

WEF of Ag and Au are relatively high, thus energetically favourable.

Given the circumstance, the energy level structure of inverted device results in a better Ohmic-
contact for photo generated-charge transport and harvest. As reported by Zhicai 271, the device
using an inverted structure yields a PCE of 10% while the one based on same active layer

materials and conventional structure achieved a PCE of 8%.
1.2.2. Inverted Polymer-Based Solar Cell : Operation

The operation of an inverted polymer solar cell can be divided into three main processes (Fig
1-1(C)). (a) A radiating photon with an energy higher than the band gap (Eg) of active organic

materials is capable of exciting an electron from the highest occupied molecular orbital
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(HOMO) level to the lowest unoccupied molecular orbital (LUMO) level % to turn into an
exciton. The photoelelctron generation process mostly occurs in the polymer BHJ layer due to
the high transmittance of ITO cathode and ETL metal oxides. The exciton is defined as the
bonded state of an excited electron and an associated hole > 2 which are mutually attracted
by the electrostatic Coulomb force [?8l. (b) The exciton diffuses to reach the interface of donor
and acceptor, where excitons are dissociated into free charges (electrons and holes). The
process can also be promoted by an electric field from interface dipole. Recombination may
occur during the transfer of the exciton. Traps such as impurity defects 28 21 and self-trapping
eliminate the diffusion of excitons by recombination. Therefore, to achieve a maximised
dissociation of exciton at the interface, a high diffusion length relative to thickness of layers
and a thin layer of the polymer/fullerene are needed & " 28 This is a trade-off with the
thickness of the active layer, due to the fact that a high probability of light absorption can only
be achieved with a thicker layer. Under these conditions, a blended donor and acceptor layer
can be adopted which noticeably increases the rate of dissociation by increasing the interface
area [*7:3%_ (c) The split electron and hole (charges) transfer in different directions. The electron
diffuses to the LUMO of acceptor while the hole transfers to the HOMO of donor. Due to the
presence of an internal electric field, the charges move through the active layer towards the
correspondent interfacial layers. Since the conduction band (CB) of ETL is favourable for
electron transport, while the valence band (VB) of HTL is in alignment with the HOMO of
donor, the charges are naturally migrating to the interfacial layers. The interfaces formed at
electrodes/interfacial layers allow a further charge transfer, thus the individual electrodes serve

as electron/hole collectors.

1.3. Interfacial Layer in an Inverted Polymer Solar Cell

The modification of molecular schematic and development of synthetic of the active organic
layer vitally promote light absorption, charge lifetime and materials diffusion length. The
blended donor-acceptor interfaces further enhance the charge dissociation. In addition, the use

of interfacial buffer layers can be considered as essential for enhancing charge transfer and thus
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harvesting free electrons and holes.
1.3.1. Electron Transport Layer: Mechanism and Materials

The ETL has a higher electron affinity (EA) than the acceptor and sufficient electron mobility
supporting the electron transferring across the layer 232 Conversely, the hole is “obstructed”
due to the ionisation energy (IE) which is not favourable for hole transport. The purpose for
using ETL between the active layer and cathode is to minimise the charge recombination by
diminishing the interface defects and buffering the energy levels at such interfaces 52 %, The
chosen ETL materials always have a better compatibility with both the active layer and the
electrode and can work as an interfacial barrier for moisture and oxygen residue 33 34, The
degradation of the performance of a solar cell using the electron-transport interfacial layer is

comparably less than the one without such a layer.

The most commonly used ETL material is ZnO because of its superior charge mobility and
suitable EA %1, In addition, Saltine Lithium Fluoride (LiF) was adopted by Kondakov B¢ in
2005, as it has a better band alignment with adjacent polymer BHJ. Yang’s group also tried
Cesium carbonate (Cs2COs) as ETL 3], The Cs,COj3 shows better stability than LiF due to its

capability to prevent moisture.
1.3.2. Hole Transport Layer: Mechanism

The aim of using HTL between the active layer and the electrode-anode is to energetically
buffer the hole migrating over the adjacent interfaces 3% 38 %%, The HTL usually has sufficient
conductivity, thus the charge is able to transport across the layer. As reported by Sylvain 24,
the HTL layer can further diminish the penetration of electrodes, such as Ag, that show a
noticeable diffusion into the active layer by evaporation. The diffusion of Ag into organic bulk
results in internal current leakage, reducing the shunt resistance (Rsh). Transmittance of the
HTL materials is less important than ETL, but still worthy of consideration. A small chance of
penetration of light across the active layer may occur, generally light with high wavelength.
The HTL would allow the light to penetrate and reflection to happen due to the existence of
metal electrodes °! on the end. Here a second chance of light absorption in the bulk of active

layer can occur. The photon loss during transition is proportionate to the transmittance of HTL.
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1.3.3. Hole Transport Layer: Materials

In 2002, Kim [® % first adopted PEDOT:PSS as the conductive electrode. Furthermore the
poly-sulfonate material was modified as HTL in an inverted polymer solar cell and resulted in
a wide use. Nowadays the PEDOT:PSS has a higher adhesion to the active layer due to the
promotion of fabrication methods [*8 %%, The IE of PEDOT:PSS is rather equivalent (typically
5.1-5.2eV [19:41.42]y tg the HOMO of the active layer. Such energy level structure at the interface
of HTL and active organics yields a high hole affinity for transport. However, the acidity of
PEDOT:PSS could cause corrosion on the electrode !, which can be solved by inserting a thin

layer of TiO2 between them.

The history of using high WF metal oxides as interfacial layers, e.g. Molybdenum Trioxide
(Mo00O3), Vanadium Oxide (V20s), Tungsten Trioxide (WO3) and Rhenium dioxide (ReO>), can
be traced back to 2008. C. Tao’s group [“! introduced MoOs as HTL by thermal evaporation.
In this report the energy level diagram is shown. Incorporating MoOs prevents the flow of
electron from the active layer towards the anode. The use of MoO3z was determined to
significantly increase the fill factor (FF) and current density (Jsc) of the solar cell. Since then a
range of coating methods of MoOz on the polymer BHJ layer have been introduced. Vacuum
nano-scale deposition such as physical and chemical vapour deposition (PVD and CVD) 13441,
magnetron sputtering (31 and laser-controlled deposition [“é1: solvent and gel processes such as
solution coating 2% 471 sol-gel 71 and Nano-particles (NPs) ink % have been adopted.
Interestingly, a variation of the WF and valence band states of MoO3 have been reported 2,
depending on the deposition methods. A series of treatments such as exposing MoO3 to
atmosphere 1152 and thermal-annealing %! also result in difference of energy band structure.

The cause will be studied in chapter 5 and 6.

Even though the transmittance of V20Os is slight degraded from MoOs 254 \/,05 has still been
considered a substitution for MoOgz due to their similar chemical and electrical features.
However, the high toxicity B of V,0s brought health issues to the operators which lowered
the preference for this material. In 2011, Riedl % successfully used the thermal-evaporated
and solution-processed V20s for HTL in a polymer solar cell. Comparisons were made and

showed a lowered cell performance with a higher-concentrated precursor solution. Hancox and

8
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other colleagues *% 51 reported a hole-extracting mechanism of V,Ox when it is used as the
interfacial layer on a small molecule organic device (BCP/C60, non-polymer). The PCE
increased to 2.5% from 2.0% of solely ITO on top without V2Ox layer. The FF of the device

increased to 0.45 and the Jsc achieved 0.66 mA €m 2.

WO;3 was initially used in a device structured as an Oz gas sensor 8l in 1999. The structure of
WO3 shares a cognate crystalline characterisation with MoO3 and the electronic structure are
similar. Given that, researchers have attempted applying WO3 for HTL materials in an organic
device. In 2012, James ™8 worked on sol-gel WOs, substituting for PEDOT:PSS. The energy
level structure suited the hole transport, thus the device using WOz produced a similar
efficiency with PEDOT:PSS. Further studies were implemented for using WO3. A work by
Maria in 2011 B revealed a usage of WO; as an organic light-emitting diode (OLED)
interfacial layer. The reduced derivatives WOy (x~2.5) offered a range of energy states across
the valence structure towards the edge of conduction band. The occurrence of states acted as
charge transfer reservoirs for both electrons and holes. In these conditions, the WOy serves as
either cathode or anode interfacial layer. However, in comparison with MoOs, the lower
formation rate of a closed WOs3 surface layer BU and high temperature for operating WO3
evaporation raised concerns about its usage in polymer solar cells. Therefore, WO3 has hardly
been adopted in polymer solar cells. In a report (9], WO3 was applied as a modification of the
electrode, rather than an individual layer. Even though using WO3 as HTL in polymer solar
cells is inappropriate at present, the preferable energy structure and transmittance are still

promising for a hole transport layer with further modification.

1.4.  Energy Level Alignment and Band Bending at Interface

In the section the charge transfer over the interfaces formed at the adjacent layers is described.
First the interface is reviewed and energetic values of energy bands are illustrated. Methods
such as photoelectron spectroscopy surveying the energetic levels are shown, including a direct

measurement of WF, CB/LUMO and VB/HOMO.

1.4.1. Interfaces : Chemistry and Electronics

9
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An interface is usually formed at the boundary of a contact of two distinct materials, which are
conductive or semi-conductive. In a polymer solar cell, enormous investigations focusing on
the interfaces formed at different layers have been implemented. These investigations offer an
insight into the fundamental mechanism for the device operation. The chemical mixing phase
and electrical properties alignment at the interface play a critical role on the charge transport

and thus, overall series and shunt resistance (Rsand Rsn) of the devices.

By using Rutherford backscattering spectrometry (RBS), Sylvain 24l found a heavy diffusion
of MoQs into the organic active layer with the proceeding of evaporation of MoOs. At the
interface, the compounds were mixed and such interface was uneven. Furthermore, the
deposition of Ag onto MoOs incurs a diffusion of Ag into the MoOs/active layer bulk. The
mixing phase of the chemical distribution was also observed by Robin 3 which was
diminished when the organic layer was inversely deposited onto the MoOs. The deposition
consequence resulted in a variation of chemical distribution at the interface. Such chemical
distribution across the interface was due to the thermal Brownian motion of molecules %2 and
the concentration gradient (CG). The adjacent materials tend to be physically mixed with each
other, creating an interface of a few nanometres broadened. The diffusion flux of the

compounds with a higher concentration is given by Fick’s laws [63 641,

o9(rt)
a

V-[D(@,7r)VO(r,t)] Equation 1-1
@(r, t): the density of the diffusing materials;

r and t: location and diffusing time of the materials;

D(®, r): the collective coefficient at given location and time;

V : the vector differential operator

In addition to the chemical distribution, the electrical characterisations at the interfaces are also
of importance for the charge transfer and device operation. The energy band structures at the
interface with distinct materials have been presented by many researchers. Different arguments
were proposed and have been lasting until present. Researchers including Chen [©°1 Sun [66]

Pietrick 71 and Kim 8 etc., assessed that the interfacial energy structure was from the

10
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viewpoint of aligning the vacuum levels (Evac) of each other. In the conditions the WF related
to Fermi level did not shift in both of the contacting materials. The argument stands in inorganic
devices such as silicon-based homo-junctions. However, two main questions were remaining
unaddressed. a) The observation of interface electrostatic field was not characterised, thus, the
dipole formation cannot be estimated; b) The working principle of high WF materials as the
interfacial layers, such as MoQOj (pristine WF as high as 6.8eV ), cannot be understood. This
IS due to the fact the IE of MoOs is normally 2eV larger than the HOMO of active layers, that

is not favourable for hole transport.

In 1998, investigations into the interface of metals/long-chain alkane organic " by Professor
Seki from Nagoya University raised a different model of the interface forming with organics
and metals. Due to the energetic difference between the Er of the metal and alkane organic, the
equilibrium of the Ef occurred. Electrons transferred from the organic with a lower WF to the
metal with a higher WF, creating an electrostatic field at the interface. Therefore, a shift of the
energy levels presented at the interface. In the model, the Evac, HOMO and LUMO of organics
were shifted and a Schottky barrier was thus established. The model offered a prerequisite of
the formation of interface dipole, which introduces an electrostatic field [/ 711, The concept has
been accepted by many other researchers, such as Meyer ['> 731 Hancox B, Cappel [l and
Mark. T [, Figure 1-2 shows a general schematic of energy level alignment based on the
conceptual model formed with two distinct materials. The difference in WFs of material (A)
and (B) results in the flow of electrons due to the alignment of Er. The electric field is thus
established, forming an interfacial dipole. This dipole is capable of extracting charges, thus the

energy bands within the dipole moment are either bent or shifted.
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Figure 1- 2. (A) The illustration of different materials with various WF values; (B) After contact,
the energy levels shown have been shifted significantly at the interface, Efermi indicates Ef

(Fermi level energy)

Such energy bands alignment only presents at the conductive/semi-conductive interfaces. In an
insulating material, the free-charge movement is obstructed. Electrons are not capable of

redistributing at the interface, thus the energetic shift of bands structure does not exist.
1.4.2. Energy Band Parameters

The energy bands Es, IE and EA described in Chapter 1.3 are the quantitative measures of the
electric properties of materials. The theory based on an approximation to the quantum state of
a solid, which derives the energies by examining the quantum mechanical wave functions [
for charges in a model of many bonded atoms or molecules. The band theory successfully
explains the electrical conductivity of given materials, the optical absorption, the photoelectric
and the electroluminescent effects [ 761, It is also a milestone investigating the charge transfer

over a range of interfaces.

Vacuum Level (Evac) 28 761: The energy level where a free stationary electron locates with no
binding force from the core level. It is outside or even infinitely distant from a solid. The other

energy levels defined, are usually referred to the vacuum level.

Fermi Level (Er) ['7- 781: The concept following Fermi-Dirac statistics describes the energy

level of maximised-occupation of electrons in materials under absolute zero temperature.
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According to Pauli Exclusion theory 81, Fermions such as electrons can only exist in certain
states. Such level is with lowest energy, where electrons are able to occupy at absolute zero.
The Fermi level plays an important role on the electrical and thermal characterisations of solid-

state materials.
In terms of the Fermi-Dirac statistics, the probability of occupied state by an electron is given
by equation 1-2 [71,

f(E) = m Equation 1-2
E'": the value or point on energy scale
Ef: Fermi Level on energy scale
&7 :aproduct of Boltzmann constant and absolute temperature T (K)

Workfunction (WF): The value represents the energetic difference from Es to Evac in solids.
As defined, the WF is the minimum thermodynamic energy that an electron requires to migrate
from a solid surface to a vacuum zero outside the solid "8, Given that, a semi-conducting
interface would allow the alignment of Ef because thermodynamic energies must obey
boundary conditions (probability of occupied states), so that the positions of Fermi levels must

match at the boundary of two distinct materials.

It needs to be highlighted the WF can be significantly altered with a range of treatments. Mark.
T [ exhibited a work addressing the change of WF of the TMOs, such as MoO3 and WOs3, as
a consequence of the operation of thermal treatments. The work showed that the correlation of
WF can be attributed to two aspects: the change in cation electronegativity, and the change in

oxidation state of metal oxides. The overall change of WF are given by Equation 1-3.

WE = e + AWF= T + A6, + AG, Equation 1-3

W original WF of a given metal oxide
A6, : the change of WF due to the change of cation electronegativity

Af,; :the change of WF due to the change of oxidation state of a given metal oxide
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In a pristine MoO3s sample, the reduction of MoO3 to a MoOx (x~2.5) was determined in the
work due to the thermal annealing at a given temperature (> 150 <€). According to Nethercott’s
postulate of the geometric mean [, since the electronegativity of Mo®* is lower than Mo®*, the
WEF of the partially-reduced MoOj3 can be increased with the increasing concentration of Mo®*
and the O-deficiency. The expression for Fermi dependence on the proportion of Mo®* and the

non-stoichiometry of the Mo®*, Mo®* and O? can be written as Equation 1-4.

A, = L ((r, ) ™ Gy ) Gy VN = ((xy,) (g )Y '] Equation 1-4
x: proportion of the part of Mo®*
Xmoe+. NON-stoichiometry electronegativity of Mo®*
Xmos+. NON-stoichiometry electronegativity of Mo®*
X,,_ . Non-stoichiometry electronegativity of 0%

From the valence electron spectra of photoelectron spectroscopy, the O-vacancies of MoOz due
to the increase of entropy, breaching the O bond was stated, generating donor states
approaching the Er. Such states could further increase the density of charges near the CB
because the given states could easily cause the ionisation of the CB. Overall, the Es would shift
upwards to the Evac due to the occurrence of free charges flowing across the states. The
conductivity of MoOz can be enhanced. The second change of WF is proportionate to the

occurrence of O-vacancies. The formula is given:

AG, = [- % kt In(2)] Equation 1-5

Xy
KT: a sum product of Boltzmann constant and given temperature

Z: the concentration of O-vacancies (for example, MoOx, x~2.5 indicates that the concentration

Xo

of O- defected MoOx within MoOs is 0.5/3)

Secondary-electron Cascade (2" electron Cascade): The WF can be derived from the cut-
off of secondary electron peak by conducting UV-light photoelectron spectroscopy (UPS) B

and Kelvin probe microscopy (KPM or KP) [82, The secondary electrons are emitted from the
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surface layer of a sample and lose energy on their way through the sample. These low kinetic
energy (k.e.) electrons are excited by the initial electron avalanche . A work by Anirudh [
in 2015 shows that secondary electrons have a large electron mean free path, which allows the
migration of the secondary electrons across a heterogeneous sample. These electrons carrying
information of correspondent components contribute to the secondary electron peak cascade.
However the peak cut-off derived from spectroscopy is dominated by either the material at the
outermost layer or the material has a lower WFE. Using WF examining the energetic

characteristics from the interface and quantifying the compounds is inappropriate.

Conduction Band, Lowest Unoccupied Molecular Orbital and Electron Affinity (CB,
LUMO and EA): The CB has been defined as the lowest range where vacant electronic states
exist. Electrons with sufficient energy can jump from the valence band to CB. These energy
orbitals allow the electrons to move freely in the materials, generating an electric current. The
term LUMO is normally used in organic solids, which has a similar meaning as CB. From the
perspective of organic chemistry, a linear combination of atomic orbitals is considered and
electrons arrive at molecular orbitals for the entire molecules. On this basis, the energy

difference from the CB or LUMO to the Evs is defined as EA.

Valence Band, Highest Occupied Molecular Orbital and lonisation Energy/Potential (VB,
HOMO and IE): The VB is the outermost energetic orbital in which electrons are present at
absolute zero temperature. Such band is located below the Er in a semi-conductor. In the field
of organic materials, the HOMO energies are defined with a similar meaning. The term “IE”

represents the energy difference from the VB or HOMO to the Evac in a solid-state material.

Band gap (Eg): The concept Eg only occurs in semi-conductors and insulators, which is defined
as the energy difference between the lowest unoccupied state of the CB/LUMO and the highest
occupied state of the VB/HOMO. In semimetals, these two bands overlap, thus no Eq4 presents.
No energetic states exist in the region of Eg. A large Eg means a higher energy is required to
excite the electrons from VB/HOMO to CB/LUMO, while the probability of free electrons
existing in conduction states is lower 4. Given that a larger Eq normally indicates a lower
conductivity across the solid, thus the Rs can be increased. On the contrary, the intrinsic current

can be diminished in a PV device % due to the less chance of intrinsic recombination(®, In
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the circumstances the open-circuit voltage (Voc) can be promoted with a larger E.
1.4.3. Interface: Metal/Organic

Professor Seki has shown a range of researches covering the interfaces formed with long-chain
alkane/metal [, C60/metal (2 and TPD/Au 7], respectively. Two models depicting the energy
level diagrams were proposed. In both of the models, the Ef of metal and organic was aligned.
The traditional (Mott-Schottky) model illustrated an effect of band bending with abundant free
charges. The LUMO and HOMO of the organic were curved at the interface, creating a
Schottky barrier. On the other side, the actual measurements from UPS and KPM led to another
schematic. The Evac Of organics was shifted while only a small degree of band bending was
observed. Such band structure was assigned to the lower charge mobility in organic materials
that the charges were not capable of redistributing sufficiently at the interface. However, due
to the lack of quantifying methods, the LUMO and HOMO of organic at the interface were not
deduced.

In 2009, Slawomir ] reported a work using the UPS to illustrate the energy bands at the
polymer/metal interface. The Ef was aligned with no band-bending shown. The charge transfer
follows the rule of energy level alignment, i.e. HOMO level of BHJ to VB level of MoOs, CB
level of MoO3 to LUMO level of BHJ. Other reseachers 'Y have doubted the existence of band
bending at the interface formed with organic solids, but until now both of the models operate

and are shown in publicaitons.
1.4.4. Interface: Organic/Organic

Due to the lack of technique approaching the interfaces forming at conjugate organic layers
without any destruction, the organic/organic interfaces have not been thoroughly investigated.
A BHJ interface is even harder to quantify because the chemical phases are heavily mixed. The
energy bands structures shown in a range of published work [¢° 881 were based on the alignment
of Evac, Which is improper with the contact of distinct organic materials. A recent work
published by Soohyung [ exhibited a potential energy level structure at the interface forming
with PTB7/PC7:BM and P3HT/PC7:BM (polymer-fullerene). The alignment of Es in the work

resulted in the band bending of energy bands of P3HT. The charge transfer was discussed.
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Besides, the dipole formation at the interface of P3HT/PC71:BM was highlighted due to the
energy difference of the WF, which essentially shifted the energy levels. The dipole was not

found in PTB7/PC7:BM BHJ due to the fact the WF of the two materials are same.
1.4.5. Interface: ETL/Organic

The interfaces forming at ETL metal oxides/organics are of great interests to researchers
because the interfacial layers are supposed to offer a smoother electron transport. Meanwhile,
the energy bands structure could be a barrier for inverse electron transferring. Yang’s group &%
successfully employed the RGO/TiOx composite film as ETL, illustrating a promotion of the
PCE of devices. In 2005, the reduced MoOx and V2O were used by Xinchen * for ETL,
because the reduction significantly decreased the WF of these transition metal oxides (TMOSs).
The modified EA level was thus suitable for electron reservoir. The interface with energy level

structure was estimated.
1.4.6. Interface: HTL/Organic- Conventional Concept

The interfaces forming with HTL metal oxides and organics are granted with an avalanche of
attention. There are still several unsolved concerns about the hole transport, energy level
positioning and dipole formation at such interfaces. All these factors are in relevance to the
ultimate performance of polymer solar cells. Therefore, ongoing investigations are
implemented by researchers. In Chen.T’s [“! Katsuyuki’s [ and Hancox PWs work,
conventional energy level diagrams at MoOs/organic interface were shown. Aligning Evac of
MoO3 and organics resulted in a feasible hole migration from the HOMO of active layer to the
VB of MoOs. However there were two questionable points need to be stated: (a) The Fermi
level equilibrium due to the contact of distinct materials was not taken into account. Thus the
formation of interface dipole was ambiguous. No band shift or bending can be estimated. As a
matter of fact, the alignment of Er of organics/MoO3 can be exactly seen from the spectra from
photoelectron spectroscopies, which has been demonstrated by other researchers(®: (b) The
energy bands of MoO3z were referred to others’ studies. The EA of MoOs is 2.3eV; the IE is
5.3eV across a range of reports. It was hard to trace the origins, but the newly reported WF of

evaporated MoOs levelled higher than 6eV X while the IE was more than 9eV 261 The sol-
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gel or solution processed MoOs still had a WF higher than 5eV while the IE was around 7.5eV
(321, Such electronic values were based on MoOjs target, powder and paste with a high purity.
Moreover, Yuzheng 8 assigned the origin of high WF of MoOs to intrinsic properties of

crystalline materials by a thoroughly research.

Similar results on the interface of V2Os/organic can be referred to Gerardo’s and Hai-Qiao’s
work [, The energy level diagrams and mechanism of charge transfer at the interfaces were
based on the alignment of Evac. The estimation of the diagrams was questionable because

aligning Evac is normally applied before the contact of two materials.

Even though a boost of PCE of OPV has been demonstrated by inserting the high WF metal
oxides as HTL, the mechanism and electronic structure at such interfaces are still unclear. The
measured energy levels of MoOg, such as VB, are energetically unfavourable for hole transport
because the VB of MoOz3 is far below the HOMO of organic layer. This has been determined

by many scientists [54 57: 69, 79, 92-94]
1.4.7. Interface: HTL/Organic- Unique Charge Transfer

Since early 2000, the WF of a neat MoOs film with sufficient thickness has been determined
as 6.7-6.8eV 2. The WF of V205 8 ranged from 6.8 to 7.0eV and for WOs, it was about
6.7eV 21 Based on the values, Hamwi and Meyer %I noticed a p-type doping effect of MoOs
on an organic layer when it served as HTL. A conclusion was deduced, that the WF of the
complex of CBP/M00Os increased with the increasing amount of MoOz3. The energy band
structure at the interface was shown as a function of sufficient MoOs deposition. Kroger '3-a
colleague of Meyer, addressed the functions of the deep-lying energy states of MoOs at an
organic interface by using UPS technique. The energy level diagram at the interface of MoO3/a-
NPD was illustrated with the energy shift of Evac upon the a-NPD. In terms of the high WF of
MoQOs3, the CB of MoO3 was close to the HOMO of a-NPD with a minor difference of 0.6eV.
Direct hole transport from the HOMO of a-NPD to the CB of MoO3z was thus proposed, which
was defined as hole injection mechanism. As a consequence of the injection of holes, electrons
were extracted inversely towards the HOMO of a-NPD. Positive charge and negative charge

are physically equivalent. Such charge migrations occurred because the energy bands,
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including HOMO/VB and LUMO/CB, offered the energy states as reservoirs for the charges.
However, the HOMO and LUMO of a-NPD at the interface was unclear due to the lack of
characterisation of the interface dipole. Further investigation and modelling have been done by
Meyer [73 %] From 2010 to 2014, Meyer and his group schematised the energy band structures
at the interfaces of MoOs/organicl’?, MoOs/graphene® and V,Os/organic®). The models of
charge injection/extraction were presented, which explained the working mechanism of these
high WF TMOs as HTL. The architecture of the energy levels and assumed charge transfer

over the interface are shown in Figure 1-3.
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Figure 1- 3. (A) The energy level diagram at the interface of MoOas/polymer active layer; (B)
The conventional hole transport over a TiO2/active layer interface; (C) The “express” charge
transfer over a MoOs/active layer interface; (D) Insufficient dipole strength causes obstruction

to the charge injection/extraction

The schematic is based on the interface of MoOas/organic active layer. The alignment of Es
results in the shift of Evac ONn the side of active layer approaching the interface. Meanwhile,
within the interface region, the bending of energy levels can be observed. This is due to the
formation of a dipole at the interface a consequence of the energetic equilibrium of electrons.
Such dipole is capable of biasing the energy bands of the organic within the dipole moment.

The curvature of bands shown in the figure is determined by the dipole strength. In Figure 1-
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3(B), the VB of TiO is in proximity to the HOMO of organic. Given that, a conventional hole
transport form the HOMO of organic to VB of TiO: is illustrated. In Figure 1-3(C), the hole
transfers from the active layer, along the HOMO bending at the interface, to the CB of MoOs.
With a sufficient dipole strength, the energy gap between the HOMO of organic and the CB of
MoO3 at such interface can be eliminated. Besides, the bending of the LUMO of organic can
further block the electrons flowing to the MoO3z HTL due to the presence of a Schottky barrier.
A two-way charge transfer defined by quantum dynamics % %-%€1 gver the interface is thus
established. With an insufficient dipole strength shown in Figure 1-3(D), the energy gap
between the HOMO of organic and the CB of MoO3 occurs. The transport efficiency can be

consequently reduced.

The concept of charge extraction/injection mechanism and the energy level structure have been
echoed by other researchers. Similar diagrams at the TMOs/organic interfaces were delivered
by Wang [*1 and Irfan 92 %, |n these pioneering works, a key element has drawn attention from
the researchers. The dipole formation and its strength are vital to reduce the energy gap between
the correspondent energy bands. How to characterising the dipole strength forming at the

adjacent solids, especially the high WF metal oxides and organics, are of great importance.

1.5.  Interface Electrical Dipole

The formation of a local electric dipole and an interface dipole is elaborated in this section. The

difference between an interface dipole and a surface dipole is described.
1.5.1. Local Dipole Formation

The dipole investigated in the work is formed at the interfaces of distinct materials. The vector
sum of an interface dipole can be defined as an accumulation of the individual dipolar vectors
orientating in parallel with others, pointing to a given direction. The definition of a single local
dipole can be simplified as the dissociation and interaction of a positive and negative
charges*® which is shown in Figure 1-4(A). The dissociation of the charges is the

consequence of the flow of electrons due to the Fermi level alignment of two adjacent different
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molecules. Therefore, the sum for a dipole between two distinct molecules is a sum of vectors
of these local dipoles. For example, the WF of MoOz is much higher than that of P3HT.
Therefore, at the molecular level, a certain number of electrons flow from the P3HT molecule
to the MoOs side. The electrons are depleted in that P3HT molecule and oppositely
concentrated in the MoOs. The P3HT molecule is thus defined as a cation. Electric potential at
the boundary of the two molecules are established. Such potential working as a dipole between
two molecules is assigned to an accumulation of the single local dipoles based on the

equilibrium of Ex.

(A) An Individual Dipole (B) An Interface Dipole
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Figure 1- 4. (A) A local electric dipole; (B) The formation of an interface dipole layer, the
direction of such dipole is based on the difference of WF of the district materials. The

illustration of the amount of charges is an indication, not a real number of the local dipoles

The term-dipole moment is defined as the characterisation or quantities of the electric vector
distribution of a dipole from positive to negative end, depending on the charge and distance.
Here the calculation of dipole moment and the electric field are shown. The moment[: 2011 of

a single dipole can be given as Equation 1-6

P(r) = [, p(ro) (1o — )d3r; Equation 1-6
ro- 1 difference in charge density
d3ry: an elementary volume in V

V: volume definition
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For counting a dipole moment with the charges in an array, the moment follows the equation

1-71102, 103]

P(a) = ¥)1q; - d; Equation 1-7
q;: charges volume
d;: distance between charges related to the position of a charge

In the following step, the electric field and potential of a dipole can be calculated. Considering

a pair of opposite charges which are close, the potential at position r follows the Equation 1-
8[102].

o(r)=—F 14 Equation 1-8

Amey|[r—r4| ameg|r—r_|
q: charge volume
£o: permittivity of free space [1%0 102

|r —r.|, |[r—=1r_| :vector distance in absolute from the positive and negative charge

Where at position ro, the general electrostatic potential is proportionate to an electric dipole

at the origin is given by Equation 1-9 [104 105

1
47T£0R

D(ry) = % = — Equation 1-9

R: a unit vector in the direction of

P: the (vector) dipole moment from Equation 1-6
V: Del operator

1.5.2. Interface Dipole and the Characteristics

The interface dipole at the boundary of two distinct materials consisting of a number of dipoles
between the molecules. The dipoles at the molecular level is a vector sum of the individual
local dipoles, and can be distributed at an interface. The accumulation of the specified local
dipoles, which orientate parallel and point towards the surface normal, leads to the formation

of an interface dipole. The schematic of an interface dipole forming at the adjacent metal oxide
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(MoO3) and polymer active layer (BHJ) is shown in Figure 1-4(B). The electrons are depleted
from the material (BHJ) with a lower WF, flowing to the material (MoO3) with a higher WF.

The formed electrostatic field at the interface is assigned to the interface dipole.

Eisuki [ reported in 1998 about the estimation of a dipole formed at the interface of metal
and organic, which had been known as a concept generally expressed in the field of inorganic
materials. The consequence of the dipole formation was assigned to the change of WF of the
Ag covered with organic layer. Hisao and Seki [ further explained, that the chemical
interaction of two distinct materials at the interface would cause the rearrangement of the
electronic cloud, altering the interface dipole. Such changes led to the formation of the
interfacial states, working as a buffer for the charge transferring. The vector orientation of the
molecules resulted in a permanent interface dipole. The dipole formed at Ag/CHx CFy function

groups was further characterised. The dipole strength was in proportion to the change of WF.

In 2012, the interface between the TiO, layer and the electrolyte in a DSSC was investigated
by Cho . An interface layer was estimated and the dipolar moment was derived as a function
of the difference of the WF. It was determined, that a dipole with a negative dipolar moment
towards the layer of TiO2 resulted in the shift of the conduction band (CB) of TiO..
Consequently the Voc was increased, which was in line with the increase of energy difference
between the CB of TiO2 and the redox energy of electrolyte. Beside, Cappel [l has also revealed

the similar findings.

As shown in a work by Jens Meyer 54 in 2014, the dipole formed at the interface formed with
MoOs and p-doped graphene electrode was characterised using the UPS method. The MoO3
was evaporated on the graphene and an increase in the WF from 4.7eV of 1.5 A MoO3 to 6.6eV
of 130 A MoOs; was observed. Such increase in WF was further used for determining the dipole
strength at the interface, which levelled at 1.9eV. The dipole strength was significant, thus it
was capable of energetically supporting the charge injection/extraction transport over the
interface. In 2017, Zhanhao [1%! exhibited a work examining the dipole strength formed at the
interface of Al and MEH-PPV. The methods employed in the work were based on a
combination of X-ray photoelectron spectroscopy (XPS) and KP. The increase of the deposition

amount of Al on MEH-PPV was precisely controlled by an angled mask and measured with
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XPS. It was shown, that upon the increase of Al thickness, the WF of the sample derived from

the KP increased. The dipole strength was thus in line with the change of WF.

Awork by Soohyung 8% in 2014 showed the characterisation of a dipole forming between two
distinct organics- the interface formed with PTB7 and PC7:BM. The change of the WF of
PC7:.BM with PTB7 across a range of thicknesses was observed from the secondary electron
cascade of UPS. The change of the HOMO level derived from the valence electron peak of
UPS was also illustrated. The dipole was consequently determined from the energy difference

of the shift of HOMO and change of WF at a certain deposition thickness.
1.5.3. Drawbacks of Conventional Characterisation of Interface Dipoles

Further studies about the characterisation of interface dipoles have been carried out by other
researchers such as Hayashi 2. The dipole strength in agreement with the change of the
measured WF was frequently reported. However, several drawbacks using the WF
measurement for determining the interface dipole strength can be addressed and presented

below:

a) Characterisations based on the changes in WF are not directly related to the formation
of the dipoles at the interfaces. Instead, they are the speculation for a dipole forming at
such interfaces. This is due to the properties of secondary electrons described in Chapter
1.4.2. The secondary electrons are collected by either UPS or KPM detectors and
contributed to the measured electron cascade, which are carrying the energetic
information of a complex of different components. This is because the secondary
electrons have a large mean free path, allowing them to migrate between the distinct
components 1. A direct measurement of the dipole needs a consideration of the
changed or unchanged chemical characterisation. Based on that, further decomposition

can be processed, leading to a quantitative definition of dipole.

b) The emission of secondary electrons contributing to the spectrum comes from the
surface layer of a sample due to its large cross-section. However, the range of the
interface dipole is relatively deep below the surface that the secondary electron does

not carry information directly from such interfaces. The change of WF upon the
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interface is the characterisation of the material at the outermost layer, but electrically
affected by the interface dipole, i.e. biased within the interface dipole moment. Such
influence is in proportion to the distance of the interface dipole, rather than a direct
examination of the interface dipole strength. The calculation of a dipole moment is

shown in Equation 1-6.

The secondary electrons carrying information about the outermost layer can be easily
influenced by the impurities or adsorbates on the surface. This is due to the
characterisation of the secondary electrons, which is based on a further alignment with
the vacuum/air. As a consequence, a surface dipole is formed. The electrical property
of the surface dipole can be interfered due to the occurrence of the surface adsorbates.
A further alignment with the WF of the calibration sample of detectors is processed.
The calibration sample used in UPS and KPM is usually a highly oriented pyrolytic
graphite with a determined WF 82, The formation of a surface dipole and the alignment
with the detector calibration sample is shown in Figure 1-5 and the calibration with the
WEF of the calibration sample is given by Equation 1-10. Examining the WF of a sample,
such as MoOsg, in a non-high vacuum condition can be easily influenced by surface
impurities and adsorbate, e.g. moisture or hydro-carbon. In the conditions, the measured

WEF is not a pristine characteristic of the sample.

Ebin = hv — Ekin’ - wsample = hv — Ekin - Q)spectrometer Equation 1-10

Epin: binding energy scale(eV)

hv: induced photon energy (eV)

Ei: kinetic energy (eV) aligning with the spectrometer

Ein: Kinetic energy (eV) of the sample as a function of induced photon

Dsampie- WF of given sample

Dspectrometer- WF 0Of the calibration sample of spectrometer
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Figure 1- 5. The establishment of a surface dipole of a sample related to the WF of the

spectrometer

d) The range of energy band shift with a certain thickness of distinct materials cannot be
acquired from the WF and HOMO/valence band energy. Thus, the distribution of
dipole strength at the adjacent interfaces is not derived from such analysis. In terms of
the single electronic values given by the WF and HOMO energy, the structural model
based on the WF to explain the prior results can only be schematised with band
bending. The energy shift of the band structure at the interfaces and the energy

distribution within the dipole moment are not clear.

The depth of the emission of valence electron from UPS is relatively large, which is
approaching the exact interface. The measured valence electron spectra is a linear combination
of the valence states from distinct materials [191%1 at the interface. By conducting a
decomposition method, the constitution of the components can be identified. The nature will
be described in detail in Chapter 2. Furthermore, a combination of the analysis of the secondary
electron spectra and ion scattering energy loss spectra leads to a better understanding of the

chemical and energetic characteristics at the interfaces.

1.6. Research Aims
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In this research, a systematic analysis of the results from the photoelectron spectroscopy and
ion scattering spectroscopy will be carried out. The fact of a dipole forming at the high WF
TMOs/polymer BHJ interface will be demonstrated in a novel but legitimate way. The valence
electron spectra and secondary electron spectra derived from UPS will be investigated in detail
and analysed by two different decomposition algorithms. Therefore, the distribution of energy
shift, mean and maximised energy shift of BHJ due to the formation of dipole will be shown.
Given the results, a complete energy level structure at the interfaces can be modelled and the

mechanism of charge transfer will be fully studied.

Further studies will be proceeded on the interface and dipole, under the conditions of external

treatments, such as air contamination and thermal annealing.
1.6.1. Dipole Forming at the Interface of High WF TMOs and Polymer BHJ

It is assumed that the CB of MoO3 and the HOMO of functional polymer/fullerene (110 11 glign
due to a range of electronic properties of MoOs 12 73 92l amongst them the WF of pristine MoOg3
which was reported as 6.7eV B2 9 1121 The alignment of the CB of MoOs and the HOMO of
conducting polymer BHJ is considered as favourable for the charge transfer [*%l, following the
charge injection/extraction mechanism [°% % 1141 However, the band structure at the interface
and the energy level alignment for the charge transfer are not clear due to a lack of technique
for characterising. The WF and IE of MoO3 have been reported to change in proportion to the
thickness of the deposited layer [ 1151, A speculation can thus be proposed, that a dipole can
form at the MoOs/BHJ interface [® 112 1181 due to the noticeable difference in the WF of MoOs
and polymer. The formation of dipoles can strongly impact on the charge transfer over the
interfacel®!. The energy of a single dipole can be calculated ['* %1 however in the condition
of an interface, dipoles may encounter with each other, thus either enhances or cancels each
out. The interface dipole energy may conduct a significant difference from the theoretical value
of an individual one. The exact interface dipole strength has not been characterised. The
intermediate energy states forming at the interface is yet to known and the prediction of charge

transferring over the interface lacks of evidence.

The aim of this work is to address two main findings. a) A minimum deposition thickness of
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MoOs is required to form a closed layer, the amount of MoO3 will be quantified and shown
using a combination of spectroscopy. b) It will be demonstrated that the dipole energy can alter
significantly across the variation of deposition amount, influencing the way of charge transfer

over the interface.

Further investigations will be implemented on the interfaces forming with V.0s/WQO3 and
conjugate polymer. Such TMOs have a similar electrical properties as MoOs. The difference of
surface coverage and interface dipoles among these TMOs will be shown. The interface formed

with MoOs and TQ1:PC7:BM BHJ will be further studied.

1.6.2. Influence of Air Exposure on the Interface Dipole Forming at TMOs/BHJ

Interface

Detailed understanding of the properties of interfaces in electronic devices is critical for the
correct selection of materials to improve device performance and lifetime. A range of quantities
are used to characterise the electronic properties of metal oxides such as WF, IE, EA, all three
of which are comparatively large for the metal oxides MoOs3, V205 and WQj [6: 24 32,55, 59, 114,
171 The WF is, by definition, a measure of the dipole between the top surfaces and vacuum,
however, it is often assumed that this value also reflects the energy levels at the MoOz/polymer
interface. Importantly, these two dipoles are actually independent of each other and the change
in WF at the vacuum interface cannot be taken as a measure for the change in the dipole at the
MoOs/BHJ interface, especially if there is intermixing of MoOs with the organic layer. The

latter dipole must be measured independently.

It has been observed that the electronic properties of the surface of MoO3 change strongly upon
exposure to air, for example, the WF of MoOj shifts from 6.7 eV to 5.2 eV when MoOs is
exposed to atmosphere. Similar results have been found for the other high WF metal oxides as
well [88 1181 Fyrther, the WF of TMOs [26:88. 119, 1201 for jnstance MoO3 processed with sol-gel
method and solution processt*?!l, was characterised to be 5.3 eV*??l, Rempel [123 gt al. have
shown that a gaseous hydrated complex of the type of MoO3s/nH20 is formed when samples
are exposed to moisture. The occurrence of WF change has also been reported 2% to deteriorate

the polymer device performance by significantly increasing the Rs.
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Variations in the WF of MoO3 of 1.6 eV have been reported in literature for MoOs3 surfaces
generated under a variety of conditions. From the range of values for the WF it can be expected
that other quantities like 1E and EA will also strongly depend on the conditions of fabricating
MoOs3 layers and conditions of exposure to air. During the fabrication of organic electronic
devices exposure to air depends on the conditions for the fabrication of the devices and post
fabrication exposure. However, as stated above, it is unclear how these changes to the WF, IE
and EA correlate to changes of the electronic properties at the MoOs/BHJ interface, in
particular to the change in the dipole at this interface. Thus it is important to distinguish
between the WF change and the change of the dipole at the MoO3/BHJ interface as the aging
mechanisms may be different leading to reversible or irreversible changes to the chemistry and

ultimately the electronic energy levels across the interface.

The aim of this work is to understand the mechanism of the change of the electronic properties
of the interface of MoOs with the BHJ formed by P3HT and PCBM. In particular it will be
shown that the level of moisture to which the MoOs/BHJ interface is exposed subsequent to its
formation is crucial for the strength of the dipole at the interface. Depending on the conditions
used in device fabrication handling, these findings have strong implications for the efficiency

of the devices, the reproducibility of their functioning and on their lifetime.

Further investigation into the influence of exposure of the interfaces forming with V.0s/WQO3
and conjugate polymer will be commenced. Thus, the difference of the effects on these distinct

metal oxides and conjugate polymer will be stated.

1.6.3. Influence of Thermal Annealing on the Interface Dipole Forming at TMOs/BHJ

Interface

During the fabrication of a polymer solar cell, the annealing procedure has been adopted 24 46
1241 The process has been applied to either the BHJ 1225221 or on the deposited MoO3 24 1301,
The elimination of amorphous phase of polymer BHJ [¢8 1251311 |eads to a boost in charge
mobility %2134 which is produced by performing the annealing upon BHJ at a temperature
exceeding the glass transition temperature (Tq) of the polymersi®l. Meanwhile, the

crystallisation in the polymer structure [125 126,135 1361 can glso be achieved and the optical
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response [%8 is enhanced. These benefits contribute to the increase of the PCE of solar cell.

On the other side, the crystallisation nature of MoOs*3% is reported to be promoted with the
conducting of annealing upon MoOs, which also benefits the interfacial contact for a better
electron extraction3®l, Other findings including a variation of MoOj3 distribution into BHJ
were reported 2 due to the annealing. Greiner found a reduction of MoO,® at 150 °C. Such
reduction caused the decrease of the WF of MoOx by 1.1eV. A decline of WF by 1.1eV will
certainly cause a change of the dipole formation. The variation of potential change of dipole
has not been investigated. Besides, the dipole and the energy level structure at MoOz/polymer
BHJ interface under the thermal treatment has not been studied due to the interface mixing
phase and the lack of technique for approaching the interface without destructing the layers.

Therefore the mechanism of charge transfer is unpredictable under the condition of annealing.

The aim of this work is to deeply investigating the chemical distribution at the MoO3s/BHJ
interface and quantifying the energy levels at such interface with the annealing proceeded.
Various thermal annealing treatments will be performed upon the interface. The charge

transferring over the interface as a consequence of annealing will be estimated.

1.7. Thesis Outline

The work presented and result discussed here is focused on the interfaces formed with
incorporating high WF metal oxides and conjugated polymer layer and the characterisation of
dipole at given interfaces. The metal oxides are used as transition anode buffer layers/hole
transport layers. The constitution of polymer BHJ is a blending of the thiophene polymer and

the small molecule fullerene.

In Chapter 3, the energy level of MoO3z and P3HT:PCe1BM BHJ is investigated and the formed
interface is studied. A novel method using a combination of multi-spectroscopy for analysing
the surface coverage and valence electron states is shown and a breakthrough of directly

quantifying the dipole strength at the interface is achieved.

In Chapter 4, we show the influence of moisture and other residuum from atmosphere on the
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chemical and electrical properties of MoOz and the interface formed with BHJ. The change
upon dipole as a consequence of moisture invasion has been identified by analysing the valence
spectra. Therefore, the schematic of energy levels at the interface of MoOs/ P3HT:PCs:BM

BHJ after exposure is shown.

In Chapter 5, a simulation of annealing process has been applied in vacuum on either
P3HT:PCs1BM or the interface adjacent with MoOs. The characterisation has been done for
identifying the changes of chemical and energy level properties under the circumstances of

annealing.

Chapter 6 is focused on the use of the multi-spectroscopy and the mathematical algorithm on
the interfaces formed with alternative HTL materials-V2Os or WO3 and P3HT:PCs:BM BHJ.
The given dipole formations have been studied with the characterisation of full energy level
diagram. Besides, the surface coverage as a function of deposition thickness of V20s and WOs3

has been investigated.

In Chapter 7, study of the air-exposed interfaces of V.05 and WO3s with P3HT:PCs:BM BHJ
was carried out. The cause of the change upon both energy levels of V.05 /WO3 and the
interface dipole strength has been attributed to the invasion of moisture. Therefore, the charge

transfer under the condition of air exposure is illustrated.

In Chapter 8, a new polymer-fullerene BHJ (TQ1:PC71.BM) is used as active layer substrate.
MoO:s is adopted as anode buffer layer and the interface of MoO3/TQ1:PC7:BM is studied. The
chapter further validates the methodology used for decomposing the valance electron spectra
and identifying the comprising components. The air exposure has also been processed on such

interface. As such the change upon dipole strength has been quantified.
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Chapter 2. Methodology

2.1.  Experimental Instruments

The incident photon energy (hU) of all photoelectron spectroscopy applied in this work follows
a relationship of the kinetic energy (K. E), the binding energy (B. E) and WF of the spectrometer
(dsp), which is described in following equation. Where ¢sp (4.15eV) is calibrated with a

graphite calibration sample.
K.E=hv—B.E — dsp Equation 2-1

The non-monochromatic multiple-photoelectron spectroscopy shares a similar photon in-
electron out mechanism: a) Photons are absorbed from the radiation and thus momentum
conserving electrons transition vertically between an occupied and unoccupied state; b)
Subsequently, electrons migrate to sample surface and then escape from the sample; c) The
escaped electrons pass through the lens and energy filter and thus electrons with given energy

can be amplified by the channeltrons and reordered by detector channel plates.

The multiply spectroscopy is performed under an ultrahigh vacuum (UHV) chamber with an
essential pressure of a few 10° mbar. The deposition chamber was kept in high vacuum (HV)
and samples deposited with metal oxides can be directly transferred to the analysis chamber to
avoid exposure and contamination. Thus, the sample properties are considerably close to their
pristine forms. The schematic of the insitu-deposition and spectroscopy apparatus are shown

in Figure 2-1. The probing depths of the spectroscopies are illustrated.
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Figure 2- 1. The schematic of the insitu-evaporator and multi-spectroscopy, the SAM is

excluded but the samples made are transferred to SAM in short time; The probing depth of

spectroscopies is illustrated, the pressure indicated here has a unit of mbar.

2.1.1. X-Ray Photoelectron Spectroscopy (XPS)* 2

The XPS spectra are acquired using an UHV apparatus provided by SPECS (Berlin). An UHV
no-monochromatic X-ray source (12kV-200 W) with Mg anode was used for the measurements.
Electrons are first emitted with Thoria-coated Tungsten filaments, which are accelerated onto
anode, generating X-ray emission. Consequently, X-ray passes through vacuum tube and
projects on sample surface. The intense photon of X-ray excites the electron from inner shell

core level (S, P electronic orbits, etc) due to the excitation energy (1153.6eV for Mg anode) of
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sample, which is illustrated in Figure 2-1, causing the transition of photoelectron across the
whole energy bands. The nature of electron excitation energy thus can be used for identifying
the sample elements and binding form B and the relative composition constituents within
certain depth can also be quantified. Given the electron energy loss [4l, the intensity of electron

attenuated in the bulk is given by:

I (E,a,d) = Ioexp(— Equation 2-2

d : The measuring depth

© : The angle between the direction to the detector and the surface normal
A(E)) : the electron mean free path ]

Io : The maximum intensity (at outermost surface)

Besides, the angle between the X-ray irradiation and the analyser is 54< Survey scans were
processed with a pass energy of 40eV while high-resolution scans at a pass energy of 10 eV
were recorded. A typical XPS survey scan of V205 on P3BHT:PCBM BHJ is shown in Figure 2-
2.
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Figure 2- 2. The excitation of X-ray photoelectron from elemental core level and the XPS

Survey scan of a V20s/BHJ sample

The XPS can also be used for determining valence electron statest® and WF of the samples.
However, there are several drawbacks: a) The core-hole lifetime broadening results in a high
uncertainty of the measured arbitrary counts precision, which is described with Heisenberg’s
uncertainty principle; b) The momentum of x-ray photons is higher by order of magnitude than
that of electrons thus it generates relatively-high background noise; ¢) The X-ray radiation
leads to a disparity in the cross-section[’], thus the valence electron states and calculated density
of states (DOS) are not in agreement. For the purpose of acquiring valence and secondary-
electron states of a sample with a decent resolution, the Photoelectron Spectroscopy using UV-

light is introduced.
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2.1.2. Ultra-violet Photoelectron Spectroscopy and Metastable Impact Electron

Spectroscopy (UPS and MIES)

The Hel UV light and metastable helium atoms (He*3S:) are simultaneously emitted by a cold
cathode two-stage discharger (MFS, Clausthal-Zellerfeld, Germany) and separated by a
chopper. A bias voltage of 10V has been imposed on sample stage for collecting UP and MIE
spectra. Comparing with UPS, from which, the spectrum consists of emitting electrons from a
depth of up to ~ 3nm, the MIES only observes outermost layer due to the surface sensitive
probing. The excitation energy of He | UV radiation is 21.218 eV while it is 19.218 eV for
MIES. The technique bases on a single photon generating electron process. In contrast to XPS,
the advantage of applying UV radiation is the controllable narrow line width. Under UV
radiation electrons are ionised from the valence levels, electrons do not undergo inelastic
scattering within the material are primary photoelectrons, which construct the valence region
and illustrate Density of States (DOS) [ leading to the definition of the energy of valence
band (Evg) or highest occupied molecular orbital (Enomo). Those undergo-inelastic scattering
when transiting in-between components are called secondary electrons P!, which are
superimposed with the distinct features from primary electrons. The onset of secondary
electron peak can be used for determining WF/¢. Figure 2-3 shows the typical UP spectrum
and the definition of electrical parameters. It is important to emphasise that the determination
of WF is related to the dipole at the surface of a sample. This dipole is established due to the

Ef alignment with the detector analyser.
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VacuumLevel
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Figure 2- 3. The excitation of photoelectron from valence level and the parameters collected
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from UP spectrum

He* atom (1s2s%S1) has an excitation energy of 19.818 eV which is employed for metastable
induced source. The performance of He* when ejected to a sample surface consists of three
major mechanisms %, The interaction of metastable He* is based either on the combination
of the processed resonant ionisation (R1) and Auger neutralisation (AN) or based on the Auger
de-excitation (AD) process. For instance, the AD process normally happens at surfaces, which
have a band gap and are semiconducting. Given that, an electron from the sample can tunnel
into the He 1s level. The energy difference transfers to the He 2s and subsequently an electron
is emitted. Rl and AN processes take place at surfaces with valence electron density close to
the Fermi level which typically is given for metal surfaces. The He* 2s electron tunnels into
the valence states of a sample due to the low band gap by resonance ionising Y, releasing a
positive He ion. Therefore, an electron from the sample surface fills the He 1s orbital and
neutralises the positive ion. Energy difference occurs during the procedure, which is from the
energy level of electron filling He 1s and the level of another electron where the He 1s is
transferred (sample surface). A following electron is then emitted for the ionisation and
neutralisation circle. MIES characterises the energy shifts over valence region within
approximately 0.2nm deptht*2 31 which is used to observe the TMO formation on the top
surface and identify the surface coverage. The features of spectra acquired using AD process
are relatively sharp. In the work, the AD process dominates both the

P3HT:PCs1M/TQ1:PC7:BM BHJ as well as the TMOs surfaces.
2.1.3. Neutral Impact Collision lon Scattering Spectroscopy (NICISS) [14.15]

The illustration of NICISS shows in Figure 2-4, which is applied to obtain the concentration
depth profiles of the elements at a soft-matter surface with a maximum depth of 20nm and a
depth resolution of a few A close to the surface. In this research, we aim to identify the
distributions and penetrations of MoOs, V20s, and WOs into a polymer BHJ bulk and the

regions of mixing chemical phase.
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Figure 2- 4. The diagram of NICISS operation; the raw NICISS spectrum and the extraction of

depth profile

Helium ions in a pulsed beam with a few K eV kinetic energy are directed onto a sample. The
kinetic energy of scattered projectiles is determined by their time of flight (TOF) from the target
to the detector. The energy loss of the projectiles occurs due to backscattering and the target
atom mass determines the energy transfer, which can be used for distinguishing the elements
forming the sample from the peak position on TOF scale. Because of the energy loss caused by
small-angle-scattering and electronic excitations (stopping power [1é1) on the trajectory of the
projectiles when passing through the sample is used to determine the depth, that the projectile
is backscattered. The combination of the two types of energy loss is used to determine the
elemental concentration depth profiles. In a NICISS measurement the dose is kept below 5 10
ions/cm? in order to avoid damage of the sample due to sputtering. The analysis of depth profile
of certain components contains the identification of elements on scale, which needs to be
extracted from Hydrogen recoil background first and the calibration of depth from TOF scale.
A typical conversion of spectrum of NICISS from energy loss spectrum is shown in Figure 2-
4. In the present work the zero mark of the depth scale has not been calibrated as in report[*’]
but rather calculated from the TOF length and energy of the incident He ion. The accuracy of
the position of the zero mark of the depth scale thus is not as good as reported!*”! but sufficient
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for the work. Subsequently the relative concentration is derived from NICISS spectra as a

function of dual x-axis (energy loss and depth).
2.1.4. Inverse Photoelectron Spectroscopy (IPES) [18 1]

The technique bases on an inverted mechanism of photoelectron emission. From which, the
electrons with well-defined energy are directed by a BaO filament electron gun onto the sample
surface and the energy relates to the equilibrated Fermi level of sample components. The
electrons directly transit into the unoccupied states below kinetic energy once imprinted on the
sample and synchronously recombination takes place that releases the photons. The photons
are consequently detected by a Geiger-Mueller % isochromatic tube detector, which is
operated in isochromatic detecting mode with a UV band pass energy of 10eV. The tube is
filled with a mixing gas ambient of Ar and Acetone while the latter is used for ionising gas,
which is thus ionised by incident photon radiation. The flux of Acetone ions is thus recorded
and converted to incident photons flux. Which is further processed as a function of the kinetic
energy (K.E) of the electron beam. Finally, a record of unoccupied states of a sample can be
achieved. By approximating energy peak onset, the energy of conduction band (Ecg) or lowest
unoccupied molecular orbital (ELumo) can be identified and the details will be described later.
The states below Fermi level are inaccessible for IPES (no emission of photons). Thus, by
combining the insitu-UPS and IPES, a complete energy band structure of the samples
containing WF, Eve/Exomo and Ece/ELumo is illustrated. Moreover, it is worthwhile to note
that the duration of radiation of the electron gun towards a sample surface has to be limited.
The reason is due to the flux of low kinetic energy electrons from the source, which can easily
cause the molecular resonance of a sample surface, especially on organics. Thus, the sample

composition can be destructed.
2.1.5. Scanning Auger Microscopy (SAM)

The technique combines Scanning Electron Microscopy (SEM) 21221 and Auger Electron
Spectroscopy (AES) 23241 SEM provides the visual analysis over the sample surface, which
has been used for determining the surface coverage with evaporated amount of metal oxides,
observing the layer forming in this work. A beam of electrons is generated in an electron
column at the initial stage by metal emission filament and then induced onto the sample surface.
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The incident beam focus can be controlled by an array of electromagnetic lens, which scans
over the surface in a pattern and images as raster graphics with required resolution. Emitted
electrons from target are collected by the electron detector with the information of each position.
To clarify the digital image, the signal of displayable brightness actually indicates the intensity
of the elections over the scanning range, which is changeable across variation of surface
topography. The insitu-AES then assists to identify the elemental information within the
pointed range in a SEM image. Auger process[?®l has been initiated by creating of a core hole
with high-energy electron beam (2-10K eV). The ionised atom after the removal of core hole
electron immediately relaxes back to a lower energy state from higher excited state. Thus, the
energy liberated in the process is transferred to a second electron, which allows overpassing
the binding energy of the second electron. The emitted Auger electron retains the reminder as
kinetic energy, which has been measured for composing spectra. By combining SEM and AES,

a mapping identification of elements over the ranged surface can achieved.

2.2. Fabrication Methods

2.2.1. Spin-Coating

Spin-coating process is a cost-effective method to establish a uniform think layer of
nanoparticles on a substrate. The process has been commonly used in fabricating experimental-
scale polymer solar cells and other organic devices®?®l. The schematic of spin-coating process
is shown in Figure 2-5. The substrate (Si in our work) is held on a vacuum plate by a rotary or
scroll pump. The solution is then dispensed onto the substrate surface by a pipette.
Subsequently the rotation of plate is accelerated and forms certain rotating speed (up to 3000
round/min). By which, the solution distributes and comes across the surface due to the
centripetal forces. The solution is left on the substrate for approximately 2min for evaporating
the solvent used in the work. The samples are then sent to oven for further removing the solvent
residue. Thus, a uniform thin film coating the whole substrate is left. The rotating speed,
accelerating speed and rotating duration have been carefully optimised, so that the required

uniformity and thickness of the layer can be achieved.
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2.2.2. Physical Vapour Deposition (PVD)

The physical vapour deposition!?®! has been employed in the work for depositing metal oxides
and electrode materials, which has been widely used to deposit such materials during the
fabrication of organic devices. The method has been proceeded in high vacuum (<e® mbar)
with a thermal source up to 1500° C and a crucible containing evaporating materials. The
deposition is performed by a process[?”l, which changes the materials from a condensed phase
to a vapour phase first. The symbol of phase change arises that the out-gassing of vapour chase
has significantly increased the pressure (up to 2e®). The condition of out-gas has been held for
10min before opening the target shutter for a constant pressure and deposition rate of the
materials. The vapour-phased atoms hit the substrate surface and thus deposited in their
condensed phase. A thin film is thus achieved and the thickness of the film is controlled by the
deposition rate, duration, conduct angle and the distance from the target substrate. Each
material has a certain vapour pressure under given temperate. The film thickness is monitored
by a Quartz Crystal Microbalance (QCM), which is based on piezoelectricity phenomenon of
a quartz. A resonator crystal is biased first, thus a frequency of shearing deformation has been
recorded. By depositing certain materials with a given amount, the resonance frequency stiffens
and shifts, resulting in a change of the resistance of the resonator. The change has been recorded

which is proportionate to the mass dissipation. It needs to point out that the deposited layer,
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however, does not necessarily form a layer of even thickness because of the random distribution
of particles and the measuring mechanism of QCM. The QCM only monitors the accumulated
mass, rather than a uniformly distributed film. The difference of actual thickness and the
measured one is important due to the formation of metal oxide layers in this work does not
completely cover the surface with minor deposition thickness. The QCM technique is based on

a linear relationship between the frequency shift and the mass change. The formula is given by:

2f2

AV Hq Py

Af =— Am=-S Am Equation 2-3

Af - Erequency shift

2
0 : Base frequency

A: Area of the surface

ﬂq: Shear modulus
Py : Density of quartz crystal

S L
": Integral mass sensitivity

AM : Mass shift/change

2.3. Characterisation of Energy Bands and Mathematical Algorithm for
Data Evaluation

2.3.1. Characterisation of Energy Band Properties

In order to determine the WF, the secondary electron cut-off of the UP spectra have been
deconvoluted individually with a Gaussian function reflecting the energy resolution of the
electrostatic energy analyser which is explained in detail in reference®! and a Fermi

distribution function describing the occupation of electron energy state [2°1, The deconvolution
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follows given formula below:

—(e—p)*

1
20” d(F) Equation 2-4

1
X
e(E—Ef)/kT 1 \/% e

1(E) = f

1(E) " : The measured spectrum

£ : The value on energy scale

4T . Aproduct of Boltzmann constant and absolute temperature T(K)

O : The Gaussian width, which is related to the analyser resolution, which has been

determined!?®l,

H

: The Gaussian distribution centre (on energy scale)

Subsequent to the deconvolution the cut-off was fitted with a linear function. The energy at the
intersection of the linear function with the energy axis is taken as the WF of the individual

sample.

The Ecg and lowest unoccupied molecular orbital (ELumo) can be determined by approximating
the base line and the onset of peak of IPE spectrum with a linear curve and determining their
intersections [*81, The same procedure can be allied for determining the energy of valence band
(Eve) and highest occupied molecular orbital (Enomo) in UPS 9. The energy difference
between Ecs/ELumo and Eve/Enomo can be taken as energy of band gap (Eg). The calculation

of Eq is given by:
Fes + Bs = B Equation 2-5

Erowo +~ FEunowo = F -

The Ecs and ELumo are originally negative on the energy scale thus an absolute value is needed.
It is to be noted the Eve/Ecs, ELumo/Eromo represent the energy difference from the Fermi

level, not from the vacuum level.
2.3.2. Decomposition of UP/MIE Spectra: Singular Value Decomposition(SVD)

The samples investigated here are composed of various components. The valence electron
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region of measured UP and MIE spectra can be considered as a linear combination of the
spectra due to the presence of the individual components, which illustrates as component X, Y
and Z in Figure 2-6 for example. To analyse and identify the constituents, we apply the method

Singular Value Decomposition (SVD) % that is explained here.
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Figure 2- 6. Linear combination of various spectra from components, showing as measured

one in MIES/UPS

The series of UP and MIE spectra of samples with a gradual change, e.g. gradual increase of
TMO evaporation amount on BHJ, can be considered as a matrix. In the first step of SVD the
dimension of these matrices are analysed which means determining how many base spectra are
required to reconstruct the series of measured spectra. This analysis results not only in the
number of base spectra required for reconstruction but also yields the base spectra. The base
spectra are not necessarily representing physical meaningful reference spectra but have only a
mathematical meaning. As an example, the base spectra could be negative which has no
meaning for measured spectra. In a second matrix operation, the base spectra are converted
into meaningful reference spectra. This second operation is not a mathematically rigorous
procedure. The operation is applied with the boundary condition that the resulting reference

spectra are non-negative and that the set of measured spectra has to be fitted by

meas

Stwe =80 xS, .. with > al =1 Equation 2-6 (A)
J J
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s The measured spectrum i

S : The j™ reference spectrum and

ref,j

(7).,

a; .

The weighting factors used in the fitting procedure

The sum of the weighting factors has to be unity within experimental uncertainty, but an error

ofabout 0.1 for " & isacceptable. SVD method offers asight into the hidden spectra ., ;

which constitute the measured ones. Besides, the weighting factors of S, ; is achievable.
Here we define the series of measured spectra as initial matrix (S)-an x >y matrix with a rank
of r, which follows a matrix conversion:

S=UxXxWxVT Equation 2-6 (B)
U: orthogonal m >xn matrix

W: r xr diagonal matrix, contains the square roots of eigenvalues from U or V in descending
order

V> square n >xn matrix

Operation of this mathematical matrix conversion allows a deconvolution of content covering
a variety of constituent data set, converting the correlated variables into uncorrelated ones. The
singularity of the maximum variation can be determined while identification of dimensions can
be achieved. The measured spectra are thus transformed to a linear combination of base spectra.
Here S indicates a column vectors with rows defined as energy channel (En). Further analysis

can be performed:
Sni = Ai(Ep) Equation 2-6 (C)
n: number of channels in the spectra A4;
E,,: energy related to channel n
The base spectra Bi can be obtained through an operation:
B;(E,) = U;(E,) X w; Equation 2-6 (D)

The conversion the Bi to a series of meaning spectra S’; shows below:
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S'(Ey) = SL_ By (EVE with ' <1 Equation 2-6 (E)

Here S’; represents the reference spectra indicating a variation of components. Thus, we are
capable of identifying the change of compositions and their proportions across a variation of
sample. Nevertheless, the limits of SVD method processing the spectra needs to be pointed out
that it only distinguishes a reference spectrum of average shifting energy on the X-axis (energy
scale) when one of reference spectra keep shifting across variation of energy. To achieve a
complete energy band diagram containing energy bands with quantified energy shift, we will

apply Weighted Shifting Method for the decomposition of the spectra.
2.3.3. Decomposition of UP/MIE Spectra: Weighted Shifting Method (WSM)

The application of Weighted Shifting Method (WSM) B4 is based on the evidence of the
occurrence of spectra with energy shift, which fits the analysis of interfacial dipoles. The
existence of shifting spectra caused by dipole can be determined by initialising SVD upon the
spectra set where the treated metal oxides can be identified as well in this work. A
TMO/polymer BHJ interface in the method consists of several base spectra that can be fitted
as linear combination, which result in the measured spectra: a) The pristine polymer BHJ
spectrum which shows no shift on energy scale ; b) The spectrum of a pristine TMO with
enough thickness deposited onto the substrate; ¢) The spectrum of treated (e.g. exposed and
heated) TMO; d) A set of spectra by the shape of the pristine BHJ but shifted on the binding

energy scale by using the equation:

Steas = 0.8} XSy (E+ J-AE)+b- S0 +C-S o With > ) +b+c=1 Equation 2-7
j

j=0

AEéean = aj ) J AL

J=0

s ___: The measured spectrum i,

Sy : The spectrum of the pristine BHJ layer

Sy : The spectrum of pristine TMO
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Siymo - The spectrum of treated TMO

i

a;, b, ¢ : The weighting factors used in the fitting procedure

AE!

mean

: The mean shift for spectrum

AE': The stepwise shifting energy (0.1eV)
J . The energy steps

The sum of the weighting factors has to be unity within experimental uncertainty, but an error

of about 0.1 for Zaij +b+C is considered acceptable. However, in the case of the MIE
j

spectra the sum of the weighting factors differs from unity by more than 0.1. The reason for
this finding is that the He* can be easily redirected by electric fields originating from lateral
potential differences at the sample surface, which will be discussed below in more detail. For

MIES normalisation is required here.
2.3.4. Normalisation of UP/MIE Spectra and XPS Relative Concentration

It has been noted that the weighting factor for the reference spectra had to be normalised in the
present case. Usually this is not required for UP spectra. However, in the present case of MIES
the sensitivity for the interaction of He* with the samples is changing with the coverage of the
surface considerably. The reason for this observation is most likely that the sensitivity for the
interaction of He* with one type of surface represented by one of the reference spectra is
changing with the coverage of the surface with the other type of surface represented by the
other reference spectrum. The normalisation can be performed by inserting a reference P3HT

sample, which was examined before and after the sample measurements.

When quantifying the peaks of XPS spectra, the intensity of peaks of various elements needs
to be normalised with Atomic sensitive factor (ASF) B 361, The intensity of peaks on energy
scale is comprised with ejected electrons with certain energy. The variation of energy represents
elements with their atomic core level information, which also has respective photoelectron
cross-sectionst” 1. Subsequently, the contribution of electrons intensity can be influenced by

the cross-sections, thus a normalisation with ASF has to be processed to scale the measured

54



Chapter 2

peak intensity, so that variations of peak intensity are representative of the actual amount of

elements.

2.4. Chemical Compounds Used in the Work

The chemical structures of polymer-thiophene donor and fullerene acceptor materials used in

this work are illustrated in Figure 2-7.

CH,(CH,),CH,
S (P3HT)

n
C8H1?OOCBH17
N/ \N

(TQ1)
7]
S
n

Figure 2- 7. The chemical structure of donor (P3HT and TQ1) and acceptor (PCs1BM and
PC7:BM))E8l

a) Polymer : (P3HT) Poly(3-hexylthiophene-2,5-diyl

The chemical form of P3HT is shown as (C10H14S)n. The molar mass is 744.54 g/mol and the
density is 1.1g/cm?®. The solid electronic grade P3HT was purchased from Rike Metals (U.S.)
as 99.99% purity with 90K molecular weight. The P3HT is in strip-type bulk form with a
melting point of approximately 238 <C.

b) Organic-fullerene: (PCs:BM or [60]PCBM) Phenyl-Cs:-butyric acid methyl ester

The chemical form of solid PCs:BM has been identified as C72H1402 with a molar mass of
910.88 g/mol. The density ranges from 1.3g/cm? to 1.5g/cm?®. The solid PCs1:BM was purchased
from Solenne BV (Netherlands), 99.9% purity as solid electronic grade. The PCs1BM is in
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powder form. The melting point of PCs1BM ranges from 215<C ~225<C.

c) Polymer: (TQ1) Poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-
thiophenediyl]

TQ1 is an up-to-date polymer donor material, structuring as (CaoH4sN202S)n. The molar mass
is 586.82 g/mol. The solid TQ1 was acquired as donor sample from research group of Mats
Andersson %41 Flinders University. The TQ1 is in powder form with a purity of 99.5%. The
melting point of TQ1 is not clear. We have revealed the range of melting point of TQ1 in our

work as 170<C ~190<C.

d) Organic- fullerene: (PC7:BM or [70]PCBM) [6,6]-Phenyl C71 butyric acid methyl

ester

PC7:BM shares a similar chemical structure and feature as PCs1BM. In comparison, PC71.BM
has a larger phenyl ring and the regular chemical form is Cs2H1402. The molar mass has been
measured as 1030.99 g/mol and the bulk density ranges from 1.4g/cm® to 1.6g/cm®. The
material was purchased from Solenne BV (Netherlands) as 99.99% purity electronic grade. The

PC7:BM is in powder form with a melting point ranging from 215<C ~225<C
e) Solvent: (CB) chlorobenzene

Liquid form CB structures as CsHsCl. The molar mass is 112.56g/mol and the density is
1.11g/cm?®.The solvent was obtained from Sigma-Aldrich with a purity of 99.99%. The boiling
point for CB is 131<C, which has a solubility of organic-polymer materials. The CB can be

easily blended with ODCB and used for modifying evaporation and boiling point of the solvent.
f) Solvent: (ODCB) 1,2-Dichlorobenzene

Liquid form ODCB has a chemical structure of CsH4Cl2. The molar mass is 147.01g/mol with
a density of 1.3g/cm?®. The solvent was obtaniend from Sigma-Aldrich, the purity of the liquid
levels at 99.95%. The solvent ODCB used in this work has a higher solubility of solid thiophene
and Fullerenes materials such as P3HT and PCBM. The boiling point for ODCB is 180<C.

g) Transition Metal Oxide: (MoOs) Molybdenum Trioxide

High purity MoOs (99.95%) was purchased from Sigma-Aldrich. The MoOs was in solid
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powder form with a density of 4.68g/cm?. The melting point of pristine MoOs is 795<C.
h) Transition Metal Oxide: (V20s) Vanadium Oxide

High purity V205 (99.9%) was gained from Sigma-Aldrich. The V.0s was in solid powder
form with a density of 3.36g/cm?®. The melting point of pristine V20s is 690 <C. The temperature
of required vapour pressure for evaporation is higher than the melting point. Therefore, during

the process of PVD, V20s is in liquid non-Newtonian fluid form.
i) Transition Metal Oxide: (WOz) Tungsten Trioxide

High purity WOz (99.95%) was purchased from Sigma-Aldrich. The WOz was in solid powder
form with a density of 7.16g/cm?®. The melting point of pristine WOs3 is 1473 <C.

j) Substrate: (Si) Silicon

The Si (111-crystal orientation) wafer substrates for depositing polymer BHJ were purchased
from MTI corp. (U.S.) as a prime-semiconductor level. The Si was heavily doped with As
(Arsenic). Thus, the base resistivity was low as 0.001-0.005 ohm/cm and the Si wafer features

an N-type electronic property.

2.5. Fundamental Sample Preparations

2.5.1. Cleaning of Si substrate

The sample substrate of Si had been cleaned before deposition. Subsequent to a procedure
slicing the Si wafer into 1cm X 1cm pieces, the Si was immersed in a blended solvent of HCI
and HF (3:1 wt%) for 10min. The concentration of the solution was 10%wt with deionised

water. After which, the Si substrates were rinsed for 10min and then dried in oven condition.
2.5.2. Bulk Heterojunction (BHJ) Sample Preparation

As described, the BHJ of P3HT/PCs1BM 1“2l was first investigated due to its typical application
in organic solar cell and also in other organic devices. The TQ1/PC7:BM BHJ was subsequently
studied. The new organic donor-acceptor (D-A) BHJ represents an up-to-date blending of

polymer-fullerene. A better OPV performance was thus proposed. The investigation upon
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transition metal oxides involves MoOs and its alternatives: V205 and WO:s.

High purity PCs1BM and P3HT were blend in solvent. We used CB and ODCB (1:1 wt%) as
solvent for the P3HT/PCe¢1BM solution. The P3HT to PCs:BM was blend at a ratio of 1:1 and
the concentration was processed as 2.5 wt.% to simulate a high active layer performance 3.
Eventually ODCB is suitable for dissolve the P3HT and PC¢1BM and subsequently a blended
solution is prepared. The boiling point of ODCB is relatively high. Thus, the polymer-fullerene
materials can be reoriented and mixed well before the solvent is evaporated. The addition of
CB in the solvent leads to a modification of the boiling point of mixed solvent; as such, the
process of drying solvent can be accelerated to avoid potential contamination to the materials.
The solvent was stir-mixed for more than 7 hours at 50°C. Low-resistance (less than 0.005€2/cm)
As-doped Si wafers (1cm > 1cm) were used as substrates. The solution was spin-coated at
2000rpm for 60s, resulting in a thick BHJ layer. Subsequently samples were heated to 120°C

for 10min for evaporating the solvent.

Similarly, PC7:BM and TQ1 were blended in a mixed solution of CB and ODCB (1:1 wt%).
The ratio of TQ1 to PC71BM was 1:2.5 2.5 wt% B%. The solvent had been stirred for
homogenisation at 60°C for 12 hours before being drop-casted on to Si substrate. After which,
the samples were sent to oven and heated at 130°C for 15min. The processed BHJ substrates
are thus sent to vacuum chamber within 2 hours for applying metal oxide deposition to

minimise the oxidation and contamination of BHJ.
2.5.3. Metal Oxides Deposition

Physical Vapour Deposition (PVD) 4 in vacuum has been applied with a base pressure of ~
107 mbar. First, these high purity metal oxides were loaded into quartz crucibles. The crucibles
are subsequently sent to a thermal-evaporator. After which, the thermal couple ¥ reflecting
the temperature of crucibles was positioned. The MoOz was processed at 480~510 <€, while
the deposition temperature for V20s and WO3 were respectively 740 € and 1070 €. Thermal-
evaporation was conducted at an angle of 45%between the direction of the sample surface
normal and the direction to the detector. The deposition rates have been precisely controlled
for all metal oxides at about 0.02nm/s and measured by a QCM [“6:471. Al the work consists of
a substrate of polymer BHJ and a deposition of metal oxides. The treatments upon BHJ and
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metal oxides are described in individual chapters.
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Chapter 3. Observation and Characterisation of Dipole forming at

MoO3/P3HT:PCs1BM BHJ Interface

3.1. Abstract

MoOs is used as HTL/ABL in organic based solar cells because of its capability to extract
electrons and inject holes from the active layer due to its high work function. Here we use UV-
photoelectron spectroscopy and metastable induced electron spectroscopy to determine the
strength of the dipole at the MoOs/polymer interface and the minimum MoOs thickness
required to form a closed metal oxide layer. Neutral impact collision ion scattering
spectroscopy is used to determine how deep the MoOs penetrates into the polymer. Our
investigation shows, that upon deposition of the MoOs, a strong dipole is formed at the interface
between the active layer and the MoOa. The strength of the dipole increases with increasing

thickness of the MoOz layer and saturates at a thickness around 3nm at 2.2 eV.

3.2. Introduction and Research Aim

Transition metal oxides, such as MoOs™ 2 ,V,05 and WQg, are frequently used as HTL/ABL
[3-61 in organic solar cell and other organic devices. The reason why MoOs is used as ABL is its
high work function. It is assumed that the CB of MoOs and the HOMO of functional
polymer/fullerene > 1 align due to a range of electronic properties of MoO3 1% amongst them
the high WF/¢ of pristine MoOs which was reported as 6.7eV 131, The alignment of the CB
of MoOs and the HOMO of conducting polymer/fullerene is considered as favourable for the
charge transfer over the ABL/active polymer-fullerene BHJ interfacel*, and could contribute
to the increase in solar cell efficiency. The charge transfer has been assigned to charge
injection/extraction mechanism 1% 161 However, the energy levels, the band structure, energy
level alignment and barriers for the charge transfer at the MoO3z/BHJ interface are not well
known due to a lack of characterisation. It has been reported that the WF and IE of MoO3
change with the thickness of the deposited MoOs layer [1271 It can be speculated, that the large

difference in the electrical properties of MoO3z and polymer BHJ could result in the formation
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of dipoles at the MoOz/BHJ interface ** 18 191 The formation of dipoles at the MoOs/BHJ
interface and the related electric field could generate intermediate energy states and strongly
impact on the charge transfer over the interface?!. The dipole energy has been assumed as the
difference of the WF of materials at the interface [ °l. The energy of a single dipole can be
calculated [2% 221 however in an interface, dipoles may encounter with each other thus either
enhances or cancels each out. The interface dipole energy may endure a significant difference
from the theoretical value of an individual one which has not been precisely characterised.
Subsequently, the intermediate energy states forming at the interface are yet to known and the

prediction of charge transferring over the interface lacks of evidence.

Our work will point out two main findings. Firstly, it will be quantified and shown that a
minimum deposition thickness of MoOs is required to form a closed layer. Secondly, it will be
demonstrated that the dipole energy can alter significantly across the variation of deposition
amount. Thus the way of charge transferring over the MoO3z/BHJ interface would be changed.
Electron spectroscopy is employed in the work for analysing the electronic properties of the
interface and Neutral impact collision ion scattering spectroscopy for determining
concentration depth profiles of all materials. Microscopy assists to obtain a topology of surface

and how the MoOs particles forming on BHJ.

3.3.  Sample Preparation

The methods of blending P3HT and PCs:BM and the deposition of metal oxides are described

in experimental section. The sample preparation in this work is illustrated in Figure 3-1.
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Figure 3- 1. Sample preparation of MoOs deposited onto polymer BHJ across a range of

thickness

Layers of various MoOs thicknesses (0.1, 0.2, 0.3, 0.5, 0.75, 1, 2, 3, 5 and 8 nm) were separately
made upon BHJ. Subsequently the samples were transferred from PVD vacuum chamber
directly into the analysis UHV chamber for applying measurements. The samples were kept

pristine because no reaction with oxygen and moisture can happen during the transport.

3.4. Results and Discussion

3.4.1. Chemical Composition of MoO3s/P3HT:PCs1BM Interface

In Figure 3-2 high-resolution XP spectra of (Molybdenum) Mo, (Sulphur) S, (Carbon) C and
(Oxygen) O are shown and the plots of relative concentration and fraction of certain elements
are illustrated in Figure 3-2(D) and (E). The high resolution elemental peaks have been fitted.
Figure 3-2(A) shows that the Mo 3ds/, peak is found for all MoOs layer thicknesses at 232.8 +
0.15 eV which corresponds to Mo®* 231, The fact that the Mo 3ds» does not shift is a strong
indication that the samples are not charging when MoOs is deposited thus justifying the energy
calibration procedure as described. From the same figure the S 2ps2 peak is found at 164.0 +
0.15 eV? and shows no variation in peak position within error bars. In Figure 3-2(B) it can

be seen, that in the C 1s spectra one peak is found at 285 £ 0.15 eV, a second peak at
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approximately 287.2 0.3 eV and a further peak (tagged in shadow) at the position across
283.5 t0 284.1 (x0.15) eV. The intensity of the low binding energy C peak also increases with
the amount of MoOs deposited, which is illustrated in Figure 3-2(E). The peak at 285 +0.15
eV can be identified as representing the C-C bond while the C-O bond peaks at 287.2 £0.3 eV.
Based on the energy calibration procedure outlined above it can be concluded that origin of the
low binding energy C peak is not due to charging of the samples and also not due to the
formation of a chemical species involving C upon evaporation of MoO3, such as Molybdenum
carbonate, which requires a higher temperature to form and would have shown up as new
specimen in Mo peak. The particular C peak contains a range of peaks from 283.5 eV to 284.1
eV and they vary in fraction upon different MoOs deposition amount. The nature of the low

binding energy C peak will be discussed below.

As the fitting of O 1s is shown in Figure 3-2(C). The O 1s spectrum of the pristine fullerene
can be fitted with two peaks with one of them found in the range of 532-533.5 (%0.15 eV) and
the second at 530.8 +0.25 eV. They can be identified as due to the polymer BHJ 2+ %I and
MoO3!?®], respectively. With increasing amount of deposited MoOs, the O from MoOs reveals
a slight shift around 0.5eV as the position of the O 1s peaks and the Oxygen peaks from polymer
BHJ shift 1.5eV to the lower binding energy, which is shown in Figure 3-2(D). The nature is

rather similar as C peak.
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Figure 3- 2. (A) Molybdenum Mosg and Sulfur Spp peaks related to various MoOs layer
thicknesses; (B) Carbon Cgs fitting of high-resolution XP spectra; (C) Oxygen Oss fitting of
high-resolution XP spectra; (D) Peak position of low binding energy C and O peak related to
the polymer/fullerene; (E) The fraction of C low binding energy peak and the concentration of

Mo upon variation of deposition

The nature of low binding energy C peak (283.5~284.1eV) can be further discussed here. A
chemical shift as reason for the occurring of this component can be excluded. Moreover, the
deposition was processed in high vacuum to avoid any potential chemical reactions. Thus it is
assumed that the Cys peak of the BHJ layer experiences an electric potential at the MoO3z/BHJ

interface, which relates to the deposition amount of MoO:s.

3.4.2. Elemental Depth Distribution

The relative concentration of Mo derived from the NICIS spectra is shown as function of the

energy loss and depth in in Figure 3-3. We show here both scales because the stopping power
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of He™ in MoOs has not yet been determined and the nature will be similar in following chapters.
The concentration depth profiles towards the side of the larger depth of the profiles show a
gradient, which is much lower than the gradient on the side of the lower depth. This is an
indication that there is a distribution of MoOs into BHJ and that the MoOs layer is not a compact
layer. This can be seen from comparing with a profiling of MoO3/SiO.. The spectrum of a
sample with 4nm MoO3z deposited onto a Si substrate is also shown. The gradient of the Mo
concentration at the side of the MoOs/SiO; interface (large depth) is much larger than the
gradient at the MoO3/BHJ interface, indicating that MoQO3-SiO> forms a sharper interface than
MoOs-BHJ. The finding of difference of gradients of MoOz upon two types of substrate
interface is due to the straggling of the stopping power which increases with the depth?). After
evaporating 0.1 nm of MoO3 on BHJ, Mo can be found over a depth range of ~ 3 nm. Thus the
MoOs particles tend to be merged into BHJ bulk even with minor MoO3z deposition. After
deposition of 1 nm Mo can be found over a depth range of more than 8 nm. The distribution of
MoOs in the concentration depth profile can have various reasons. One option is that MoO3
particles with a range of sizes are formed. They could be located on top of the polymer BHJ or
just below the BHJ surface. The alternative option is that small MoO3 particles (or even single
MoO3z molecules) are formed and that they have a concentration depth profile into the BHJ
layer. The real distribution could be a combination of both options. Below we will combine the
information from the concentration depth profiles with the information of the composition of
the outermost layer and decide which of the two options is applicable. Besides, it can be noted
that the concentration of Mo at the surface layer does not show a significant change after 1nm
deposition but rather the width of the Mo profile is increasing and maintaining constant at the
outermost surface of BHJ. This is an indication that the MoOs forms a closed layer from about
1 nm thickness and growth in thickness with further evaporation of MoOs3, which can be seen
at the MoOs side from the figure. The depth of MoO3 diffusion into BHJ also keeps constant

after a closed layer is formed.
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Figure 3- 3. Concentration depth profile of Molybdenum showing the distribution of Mo onto
the polymer BHJ layer with the zero mark indicating the very surface of samples. A spectrum

of pristine 4nm MoOs deposited on Si substrate has been included for comparison

3.4.3. Observation of MoOs Distribution upon BHJ Surface

The surface topography as analysed with SEM and the distribution of the elements across the
surface as analysed with AES of the 0.3nm MoOs/BHJ sample are shown in Figure 3-4. The
lateral resolution for both methods is ~ 5nm. Figure 3-4(A) illustrates a randomly selected area
of the sample surface and the AES analysis upon spot (a) and (b) shows differences in Mo
concentration. This is an indication that upon deposition of 0.3nm MoOs, the surface has not
been fully covered. The SEM image lacks information whether MoOg3 island have been formed
on the BHJ layer. However, In Figure 3-4(B) it is clear that the distribution of MoO3 onto

polymer BHJ surface is uniform.
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Figure 3- 4. (A) AES survey spectra on the selected spots of sample and SEM image of 0.3nm
MoO3/BHJ sample; (B) The mapping of Mo determining MoOs distribution over the 10 X10

zm? area of SEM image, the scale on figure is 1 vm

3.4.4. Decomposition and Analysis of MIES/UPS Spectra
a) The Observation and Analysis of MIES/UPS of the MoO3s/BHJ Samples

The MIE/UP and IPE spectra and the plot of WF are shown in Figure 3-5. In both the MIE and
UP spectra a gradual change of the shape of spectra can be seen from the pristine BHJ to the
highest coverage with MoOz. In Figure 3-5(A) the secondary electron cut-off of UPS shifts
negatively on binding energy scale with increasing amount of MoQs, indicating an increase in
the WF of the samples with increasing amount of deposited MoOz. The energy onset declines
from approximately 16.7eV to 14.6eV. In Figure 3-5(B) it can be seen in valence electron
region of UPS that a feature peaking at ~ 4eV increases with escalating deposition, which can
be assigned to the occurrence of MoOs. Meanwhile the energy peak onset at ~7eV declines due
to the decreasing fraction of polymer BHJ. The same nature has been found in valence region
of MIE spectra, which is shown in Figure 3-5(C). It can be seen that the features of ~9.5eV in

MIES related to the BHJ decrease and the changes in valence region of both MIES and UPS
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occurred gradually. The Figure 3-5(D) shows the WF of the samples. The WF was taken from
secondary electron cut-off of the UP spectra, which follows the procedure described in
methodology section. The WF increases from 4.5 = 0.1eV of 0.1nm deposition to 6.8 =+
0.1eV of 8nm MoOz on BHJ in Figure 3-5(D). The overall change in WF is 2.3 £ 0.2eV.

(A) ‘ UPS Secondary Electron Region ‘ (B) ""\-\_\L UPS Valence Electron Region ‘ (C) \ES Valence Electron Region

0.1nm MoO,on BHJ 0.1nm MoO,
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Figure 3- 5. (A) secondary electron region and (B) Valence electron region of the UP spectra
of samples with a range of MoOs layer thicknesses; (C) MIE valence spectra of the same
samples; (D) The plot of WF of the samples; (E) conduction/valence electron region of pristine

MoOs, P3HT, PCe:BM and Blended BHJ

In order to gain an understanding of the energy band structure at the MoOs/BHJ interface and
accurately characterisation of the band energy of either MoOs or polymer BHJ, the samples

including P3HT, PCe1BM, blended BHJ, 8nm MoO3 have been investigated with IPES and
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UPS, which have been made on Si substructure and measured as pristine. The UPS valence
electron and IPE spectra are shown in Figure 3-5(E) the WF, Enomo, ELumo, Eve, Ece and band
gap (Eg) of these samples are plotted in table 3-1 with an error bar of *0.1eV. The calculation
of following electrical properties is described in methodology section. The WF/$, Eve and

Enomo We obtained for MoOs/BHJ are corresponds to Kroger!?!, Meyer!™ and Burak’s work!28,

Sample WF/$p(eV)$0.1 | Exomol Eve (eV) £0.1 | ELumo/ Ece (V) 0.1 | E4 (eV) +0.2
P3HT 3.6 11 1.6 2.7
PCes1BM 3.9 1.6 1.0 2.6
P3HT/PCe:BM | 3.7 1.2 15 2.7
MoO3 6.9 2.6 0.4 3.0

Table 3-1. The plots of WF, Exomo, ELumo, Eve, Ecs and band gap (Eg) of pristine samples, note

that the all energies are indicated with a zero point at Fermi Level (Er)

The spectra of pristine components are measured also for comparison in decomposition section

and the electrical parameters will be used for reconstructing the energy bands.

b) Decomposition of Valence Electron Region of MIE/UP Spectra

The occurrence and growth of energy states in Figure 3-5(B) across the valence electron region
have been observed. The UP/MIE spectra of escalating amount of MoOs on BHJ surface
consists of a linear combination of at least MoOs and polymer BHJ spectra, which is further

processed and proved as following.

To identify the components within the measuring depth which construct the spectra, the valence
electron region of MIES and UPS has been processed by applying SVD in subsequent groups
(e.q. pristine BHJ, pristine MoQs, 0.1, 0.2, 0.3nm MoO3 on BHJ as one group). The outcome
reveals gradual changes. From MoO3z/BHJ samples, three reference spectra have been
distinguished in both UPS and MIES to fit the spectra, which are shown in Figure 3-6 (A-F).
The comparison with pristine BHJ and MoO3 are included as Figure 3-6 (G) and (H). The first
reference spectrum (Ref. A) is similar to the spectrum of a layer of 8 nm of MoO3 layer
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deposited directly onto the silicon base, thus it has been assigned to pristine MoOs. The second
reference spectrum (Ref. B) is almost identically featured as the spectrum of pristine BHJ.
Moreover, the shape of spectrum (Ref. C) is related to the second reference spectrum (pristine
BHJ) but shifted by a range from 1.0~ 1.8 eV to lower binding energy depending from different
groups. Similar observations can be made when analysing with SVD other subsets of MIE
spectra. The natures are rather similar with UP spectra. It is important to note that distribution
of secondary electron occurs with a binding energy more than 8 eV. Thus the feature presenting
more than 8 eV is a complex of valence and secondary electron, which is not appropriate for

analysis of spectra.
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—0.1-03 —0.2-0.5 —0.1-03 —0103
—0.3-075 —05-1 —0.2-05 —0205
=| —ors2 —1-3 no| —0301s o z| —03075 -
E| -—pristine MoQ g | —ost g E| —os1 3
2 f Z 2| —o07s2 . ~12 Z| —o7s1s ES
3 / =8| —1a Z = £ =
& Fa) . 5 5| —13 &
¥ E g ---pristine polymer BHJ / - 2 £ -=-pristine BH) =
& E] 28 ]
A 7 =l o
= E y Z :
gl eINgT s s s J 5 5 :
3 = 4 £ 0 =
e TN
01 2 3 4 5 5 7 8 9 11112 0 1 2 3 4 5 6 7 & 9 10 11 12 0 1 2 3 4 ; 5§ 7 8 9 1011 12
Binding Energy(eV) Binding Energy(eV) Binding EnergyleV)
(D) SVD Ref. Alpristine MoO3} MIE spectra (E)  svDRefBpristine Polymer BHIMIE spectra (F) SVD Ret.Cishifted Polymer BHI) MIE spectra
—0.1-0.3 i —0.1-03 —0.1-0.3
—0.2-05 i —0.2-05 —0.2-0.5
—03-0.75 H - —0.3-0.75 —03-0.75
=z —osa : 8§ | —os1 85| —os1 o
S| o752 5 5| —o7s2 5 E| —o0752 5
5| —i1-3 2 5| —i3 o3| 13 E
5| -pristine MoO3 5 & | ---pristine polymer BH) 7 & | -pristine BH B
2 ] Rl e
& s & g 8 A
8 = 8 =8 =
0 1 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 4 5 6 7 8 9 10 11 12

Binding Energy(eV) Binding Energy(eV) Binding Energy(eV)

(G) . (H) — pristine Polymer N
« MoO3 i “. i

==-Shifted Polymer

F

]
—Pristi LR
Pristine Polymer 7 - Polymer spectrum
* MoD3 / shifted downwards
ys
,
e

===Shifted Polymer

Count Rate(arb. Unit)

s & 7 8 8 10 11 12 1 2 3 4 5 & 7 & 9 10 1 12
UP spectrum Binding Energy.(eV) MIE spectrum Binding Energy.(eV)

Figure 3- 6. (A) (B) (C) the decomposed UP spectra of grouped MoO3/BHJ samples results in
three reference spectra in different sample group. (D) (E) (F) the reference spectra in different
group from the decomposition of MIES; (G) (H) the comparison of reference spectra of UPS
and MIES (0.5nm, 0.75nm, 1nm MoOs/BHJ sample group) which manifests a BHJ spectrum

but shifts to lower binding energy axis

The question arises what the physical meaning of the shift of the spectrum of the BHJ is (Ref.
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C). The BHJ spectral component in the measured spectra, which is shifted relative to the
pristine BHJ layer, is a BHJ layer. However, this BHJ layer is subject to a dipole. The dipole is
forming between the bulk BHJ and the evaporated MoOs and the shifted BHJ component is
physically located in the dipole thus subject to a shift on the electron energy scale. The shifted
spectral component is found at a lower binding energy which means that the positive end of
the dipole is from BHJ, which points towards the outermost layer thus towards the MoOs. It is
also important to note that the Ref. C only represents the average shifted BHJ spectrum in
individual groups, rather than a necessarily existing spectrum with physical meaning. Given
the fact from UPS the difference of shifting energy of Ref. C ranges about 0.8eV across various
groups, the Ref. C is thus comprised of a series of BHJ spectra with a variation of energy shift

on the scale. The difference among the spectra is their weighing factors.

Based on the analysis of SVD, a revised procedure of weighted shifting method (WSM) for
fitting the measured spectra has been developed, which allows spectra to shift on energy scale.
From which, the series of spectra with different energy shift can be accurately characterised.
The decomposition method has been described in experimental part and the equation is

performed as following:

n

SO =Y a" xSy E+ - AE)+ bS5, with  Yal +bh=1
J

meas
j=0

Equation 3-1

AEy, =Y al - j - AE
J=0
s+ the measured spectrum i

Sy the spectrum of the pristine BHJ layer

S,.s :the spectrum of the sample after evaporating 8 nm of MoOs, i.e. the thickest MoOs

a'"’ . the weighting factors used in the fitting procedure

A+ the mean shift for spectrum i

AE : The stepwise energy shift, which was set to 0.1eV
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The sum of the weighting factors has to be unity within experimental uncertainty, but an error

of about 0.1 for Z ai.” + b is considered acceptable. In Figure 3-7 the fitting of MIE and UP
J

spectra of a 0.75nm MoOz/BHJ sample is shown based on WSM method. The fitting residuum

is relatively small and all other spectra sets can be fitted at least as good as both spectra.

UPS count rate [arb. u.]
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Figure 3- 7. (A) The fitting using WSM method on MIES of 0.75 MoO3s/BHJ sample; (B) The

fitting using WSM method on UPS of 0.75 MoO3z/BHJ sample; The residuum is exhibited
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Figure 3- 8. (A)(C)The weighting factors of the whole set of UP and MIE spectra; (B)The

weighted energy shift of UPS for the samples from 0.1nm to 3nm MoO3 deposition along with

the fraction of the shifted-BHJ spectrum; (D) The weighted energy shift of MIES for the samples
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from 0.1nm to 3nm MoOs deposition along with the fraction of the shifted-BHJ spectrum

The decomposed weighting factor for the shifting UP and MIE spectra are shown in Figure 3-
8(A) and 3-8(C), which distributes a variety of energy due to the probing depth of these two
methods. It can be seen that up to a thickness of 2 nm a fraction of BHJ spectra at least 0.25
can be seen in the UP spectra and the mean energy shift of the BHJ spectrum levels at 1.8 +0.1
eV. The shift of the BHJ spectrum component also occurs when fitting the MIE spectra in
Figure 3-8(C) but is 1.6 0.1 eV at 2nm MoO3 and thus smaller than for the UP spectra. The
shift for the UP and the MIE spectra are the same within error bar. From the same figure, the
MoO3 has not shown up with the deposition amount less than 0.5nm because the MoO3 has
diffused into BHJ, thus no MoOs can be observed at the outermost layer. The weighting factor
then approaches unity around 1~2 nm thickness of MoOs which means that at this thickness
full coverage of the BHJ with MoOs is reached. The conclusion is also supported by NICISS
results. In Figure 3-8(B) and (D), BHJ spectra across a variety of energy shift have been
obtained from the decomposition of both UP and MIE spectra. The range of energy shifts to a
higher energy distribution with escalating amount of MoO3z on BHJ. The distribution of energy
shift of UPS reveals the existence and characterisation of intermediate energy states of BHJ at

the interface.

The mean energy shift of the UP and MIE BHJ spectrum is increasing with increasing amount
of MoOs and thus is induced by the deposition of the MoOs. As outlined above, the shift is
caused by the formation of a dipole between the bulk BHJ and the evaporated MoO3. Both
P3HT and PCe1BM from the BHJ are affected by the dipole in terms of the third spectrum,
which has been identified in SVD, featuring a similar shape with pristine BHJ. The dipole
formation as a function of deposition amount and the diagram of an individual dipole are shown
in Figure 3-9. A distribution of dipoles is located at the interface between MoOs and BHJ. This
means that the individual dipoles at the interface have most likely the same strength but that
they have a distribution in orientation relative to the surface normal. The energy of a single
dipole can be calculated as the difference of WF, levelling as high as 3.3eV between MoOs and
BHJ due to the fact the WF for MoOs is 6.9 eV while for BHJ it is 3.6 eV. This has been shown

in Table 3-1. However in an interface, dipoles may encounter with each other thus cancel out,
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resulting in relatively-lower interface dipole energy. Besides, an individual dipole oriented
perpendicular to the surface normal does not contribute to a shift of the BHJ spectrum because
the dipoles encounter with each other perpendicularly and the contribution is cancelling each
out. It needs to point out that the observation of dipole from UPS does not fully cover the
interface due to the probing depth. However, the peaking strength of such interface dipole
normally presents at the surface layer, which bases on the distribution of MoOs. The
concentration of distribution of MoOs into BHJ peaks at the surface region, which is within the
probing depth of UPS. The reason for the formation of the dipole has been attributed to the
flow of electron from the BHJ to the MoOj3 due to energy level alignment(?®!, The BHJ within

dipole thus gains electrons and shifted to a lower binding energy.

(B) BHJ with small amount (<1nm)

(C) BHJ with large amount (>1nm)
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Figure 3- 9. The illustration of Dipole forming at the BHJ/MoOs interface under two
circumstances: with minor and high MoOs coverage upon BHJ, the dipole affected on MoOs is

mostly cancelling out because the MoOs particles diffuse into BHJ and are surrounded

The dipole formation is also supported by the XPS data, which shows the occurrence of a Cis
component at 283.5~284.1 eV. The C in the BHJ layer at the BHJ/MoOs3 interface locating
within the dipole layer experiences an electric potential relative to the bulk of the BHJ layer.
The position of the O1s peak at binding energy 532 — 535.5 eV shows a similar shift of 1.7 eV
as the above discussed Cis peak and can be assigned to Oss in PCe1BM. The Oys peak related to
MoOs is shifted only by 0.5eV. Although both P3HT and PCe1BM are subjected to the dipole,
the S peak related to the thiophene rings the P3HT does not show an obvious shift because the
surface of the PCs:BM/P3HT BHJ layer is strongly enriched in PCs1BM %2, Thus the shift

upon S is hard to identify due to the low relative concentration. Given the fact the MoOs does
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not show shift in either XPS or UPS. With a high amount of deposition, energy shift of MoOs3
may occur on the MoOz particles which are close to polymer surface. Meanwhile the pristine
MoO:s particles accumulate on the surface. Thus the spectrum is dominated with pristine MoO3
and the energy shift is difficult to identify. Another option can be discussed: the MoO3 keeps
constantly biased with all deposition thickness and even directly evaporated on Si substrate due

to its high WF. However the hypothesis is beyond proving with the existing instruments.

3.4.5. Work Function Reconstitution and Reconstruction of Energy Levels at the

MoOs3/BHJ Interface

The analysis of the UP and MIE spectra show that three different components contribute to the
formation of the outermost layer: the BHJ, the BHJ but subject to be shifted electronically
through the formation of a dipole at the surface and the MoOs. All three components will
contribute to the WF as measured by the UV-photoelectron spectra. The WF of samples formed

by such materials has previously been reconstructed by Berlich et al. ¥ using

WL, =Y al x (I, + - AE)+ b I, Equation 3-2

o0,
J=0

WF,,, :the WF of the pristine BHJ

WE

Mol

: the WF of pristine MoO3

j-AE :the shift of the BHJ spectrum as shown on the x-axis of Figure 3-8(B)

a’ :the weighting factor of the shifted BHJ spectrum as shown in Figure 3-8(B)

J
b : the weighting factor for the MoOs reference spectrum

The reconstructed WF is shown in Figure 3-10 with comparison to the measured WF, yielding
a close fitting to each other within error bars. Note that none of the parameters used in Equation
3-2 are parameters for fitting the WF but are all parameters are either measured or taken from
fitting procedures of quantities other than the WF. The WF of BHJ within the dipole exhibits

an increase due to the energy shift, the nature will be shown later in Figure 3-11. As such the
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close matching of the measured WF with the reconstructed one gives further evidence that the
fitting procedure of the UP and MIE spectra through Equation 3-1 is adequate. Due to the fact
the weighting factors for fitting the WF are from the decomposition of valence electron region.
The change upon WF is thus parallel to that of the valence band energy. Subsequently, the

conclusion that the modification of WF is due to the interface dipole!*’! has been demonstrated.
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Figure 3- 10. Measured and reconstructed WF for MoO3 thicknesses as measured by UPS

We have now determined all quantities for a full consideration of the energy levels at the
MoOs/BHJ interface in Table 3-1 and Figure 3-8(B) as a function of the variation of the
thicknesses of the evaporated MoOs upon BHJ. The energy levels at the interface for the range
of MoOs layer thicknesses are summarised in Figure 3-11. The zero-mark on the horizontal
axis represents no deposition of MoOz and thus the surface of the BHJ layer and the zero mark
on the vertical axis the position of the Fermi level. On the horizontal axis, the left side
represents the inner part of the pristine polymer BHJ. The direction to the right from the zero
mark on the horizontal axis represents the interface of the MoOz layer to the BHJ layer with
increasing distance from the BHJ. The meaning of the layer thickness is that the value for an
energy level is shown after deposition of a MoOz layer with a specific layer thickness. It is
important to note that the MoO3z/BHJ interface, there is a mixed MoO3s/BHJ region, which is
considered as dipole moment. The Enomo shown for the BHJ layer within the moment is given

by the BHJ layer shifted energetically due to the formation of the dipole at the interface. This
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energy level is indicated as an upwards bended curve extending to the right from the zero mark

on the horizontal axis.
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Figure 3- 11. The reconstruction of interface energy bands of pristine polymer BHJ, energy-

shifted BHJ and pristine MoOs upon variation of MoO3z deposition

3.4.6. Implication for the Operation of Charge Transport over the Interface

In a given polymer based solar cell a specific amount of MoO3 will be deposited. Thus, we here
will discuss also the electronic energy levels and the charge transfer of the combinations of the
BHJ with two different MoOs layer thicknesses, namely 0.3nm and 2nm. The energy level
schematics are shown in Figure 3-12. A series of intermediate energy states have been found
upon deposition of 0.3nm MoO3z with a range of energy shifts from 0.2-1.5eV see Figure 3-
8(B). As has been described above, at this MoOs thickness the surface has not been covered.
The transfer of charge carriers across the MoOs/BHJ interface can be described as follows.
Subsequently the hole transfers to the range of intermediate HOMO levels in the BHJ formed
by the deposition of the MoOsa. It can be assumed that in the statistical average over many hole
transfer processes the hole will transfer first to the lowest intermediate energy level and then
proceed to the intermediate level with the highest energy shift. However, the energy level with
the largest energy shift is at a shift of 1.5eV, resulting in an energy gap of approximately 0.2eV
to the conduction band (CB) of MoOa. Thus, in this case a barrier for the hole transfer exists at

the MoO3/BHJ interface which can result in a loss of charge carriers B4, yielding a fact of hole
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trapping [ %1, In general the situation is the same when the MoOs the evaporated layer has a
thickness of 2nm on BHJ. The only difference is that the energy level with the highest energy
shift is now at a shift 2.1eV which exceeds the energy barrier of Ecg of M0oOz and Exomo of
BHJ. Thus, a continuous energy ladder from HOMO of pristine BHJ to shifted the energetically
BHJ can be identified. The charge transfer over the interface thus abides by hole
injection/electron extraction mechanism [ and potentially improves the charge transfer

efficiency.
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Figure 3- 12. The interface energy level structure of (A) 0.3nm and (B) 2nm MoO3 on polymer

BHJ and the illustration of charge transfer

It can be seen that the gap decreases with increasing MoOs thickness. While in the present work
full devices have not been tested it can be expected that the device performance of a real
photovoltaic cell will improve with increasing MoOs thickness due to the advancement of the
hole injection mechanism . A closed MoOs layer onto BHJ surface is also required otherwise
the direct contact of electrode and polymer BHJ will cause current leakage. On the opposite,

for a consideration of lower Rs of the device, a thinner MoOs layer is proposed. The choosing
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of MoOs thickness as anode buffer layer in an organic device needs a thoughtful consideration

under all circumstances

3.5. Conclusion

Upon evaporation of MoOsz onto the BHJ formed by P3HT and PCs1:BM, no chemical change
of all chemical components is observed. The analysis of core and valence electron spectra show
that a dipole is formed at the MoOs/BHJ interface. When evaporated, the MoOs penetrates into
the BHJ, and the penetration depth increases with increasing amount of evaporated MoOs. The
strength of the dipole at the MoO3s/BHJ interface increases with increasing MoOs layer
thickness. The energy level of the unoccupied states has also been determined experimentally

and thus a full picture of the electronic states at the MoOs/BHJ interface has been developed.

The formation of the dipole at the MoOs/BHJ interface influences the charge transfer over the
interface. It can be calculated that thicker MoOz layers would be beneficial for charge transport.
However, it would deteriorate the light absorption. This assumption will have to be tested with
real devices. With a closed MoOz layer on BHJ surface, which is more than ~1nm deposition,
the dipole strength at the interface is adequate for charge extraction/injection transport. The
methodologies used in this chapter provide with a technique for the characterisation of dipole
and intermediate energy levels at the interface. The change of dipole with a variety of treatment
upon either the BHJ or the MoOsz can be observed and quantified as well, which will be

discussed in following chapters.
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Chapter 4. Influence of Moisture on the Energy Level Alignment

at the MoO3/P3HT:PCs1BM BHJ Interfaces

4.1. Abstract

In this work, a dramatic change in WF of MoO3 and influence to the dipole forming at the
interface of MoOs/P3HT:PCs1BM BHJ was observed when it is exposed even for short times
to atmosphere. Valence electron spectroscopy shows that the mainly H,O molecules diffuse to
the MoOz/organic interface and affect the electronic properties of the MoO3s/P3HT:PCs1:BM
interface by forming a strong dipole. Moreover, further change simultaneously occurs in
conduction and valence band energy of MoOs, which has been addressed as a result of
dielectric-H2O attaching on MoOs. The Eq of MoOs after exposure has been broadened,
resulting in a potential decrease of the conductivity of metal oxide layer. The electron
spectroscopy data is used to construct a comprehensive energy structure of the
MoO3/P3HT:PC¢1BM interface. From which, the charge injection mechanism has been

determined to be ineffective after air exposure.

4.2. Introduction and Research Aim

Interfaces between organic and metal oxide materials commonly lead to the formation of
dipoles at the respective interfacel!. Such interfaces are found and demonstrated in chapter 3
which is based on MoOs/P3HT:PCs:BM BHJ. The dipole plays a critical role for the charge
transfer in the devicel?. Additionally to the strength of the dipole at the interface, it is also
important to understand, which factors during creating the interface influence the dipole, how
stable the dipole is and which conditions affect the dipole during operation of the devices after
the interface has been established. Understanding of the strength and stability of the dipole are
vital for fabricating photovoltaic devices because variation in the conditions of fabrication and

operation could lead to substantially different results in device performance 4.

MoO; feature a high WF, IE and EA 35201, As an example, the WF of pristine MoOs is reported
to be 6.7 eV B 1112 the IE about 9.7 eV [*® and the EA 6.5 eV. In our work, the electric
properties are rather similar. Thus, it has been proposed 3*°! that the barrier between the CB
of MoOs and the HOMO of polymer BHJ is small enough for efficient electron transfer [*6. 171
which boosts the charge transfer over the interface and ultimately enhances the solar cell

performance. The alignment of the energy levels affects the performance of other electronic
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devices in a similar way.

However, in literature a range of values is reported for the electronic properties of metal oxides.
A noticeable change of the electrical properties of MoO3s was reported during the fabrication of
device with the WF shifting to 5.1 eV [8 when MoOs is exposed to atmosphere. Further, the
WF of TMOs 19221 for instance MoOs processed with sol-gel method and solution process(??,
was characterised to be 5.3 eV[?4, Thus, variations in the WF of MoOs3 of 1.6 eV have been
reported in literature. When MoOz is used as ABL/HTL in a polymer-based photovoltaic device,
a variation of the WF of 1.6 eV will influence the energy level alignment in the solar cells and
consequently influence strongly the device performance. Exposure of the MoOs/organic
interface to moisture can occur for various reasons. Subsequent to the evaporation of MoO3
onto the BHJ layer, samples are often exposed to air in the solar cell fabrication process.
Exposure can also occur when MoOs layers are fabricated through sol-gel processes. Rempel
[25] et al. have shown that a gaseous hydrated complex of the type of MoOs/nH20 is formed
when samples are exposed to moisture. JianQiang [?! et al. have attributed the changes to a
reduction of Mo®*, occurring as Mo®*. The occurrence of WF change has also been reported 2]
to deteriorate the polymer device performance by significantly increasing the series resistance
(Rs). In summary, exposure to air of cells fabricated with MoOs is known to influence the
performance of solar cells but so far, it is unclear in which way exposure of the MoO3z/BHJ

interface to air influences the energy levels of the materials at this interface.

In this work, firstly the strong dipole forming at the MoOs/organic interface will be shown in
case the interface is formed at ultra-high vacuum (UHV) conditions thus in the absence of water.
Secondly, it will be demonstrated that the dipole also changes strongly in case the interface is
exposed to moisture subsequently to fabrication. Depending on the condition of device
fabrication and handling the devices after fabrication, these findings have strong implication
on the efficiency of the cell devices, the reproducibility of their functioning and on their lifetime.
Electron spectroscopy is employed in the work for analysing the chemical and electronic
properties of the interface and neutral impact collision ion scattering spectroscopy for
determining concentration depth profiles of all materials.

4.3. Sample Preparation and Treatment

The methods of blending P3HT and PCs:BM and the deposition of metal oxides are described

in experimental section. The sample preparation in this work is illustrated in Figure 4-1:
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Figure 4- 1. Sample structure and air exposure treatments

All samples were made in the same batch and processed together. The MoOs/BHJ samples
were exposed to air for a range of time up to 168 hours in order to mimic conditions that could
occur during the fabrication processes of the organic photovoltaic devices. Samples were
prepared with two kinds of MoOs layer thicknesses. Samples with 3 nm MoOz layers were
fabricated to investigate the properties of the MoOs only. At a layer thickness of 3 nm the
underlying BHJ layer is not visible in UP spectra probing the valence electron properties.
Investigating samples with a thickness of 0.3 nm MoOs allows probing the changes at the
MoOs3/BHJ interface as a consequence of the exposure to air. The second batch of samples with
0.3nm of deposited MoOs were exposed to air only for 5min, 2 hours and 6 hours respectively
and measured with MIE/UP spectroscopy. The exposure condition was set to 21°C and 47%
humidity in a laboratory condition. Subsequently the samples were transferred to analysis
chamber under UHV condition (<10°) for applying spectroscopies. Therefore, further air

contamination and reaction are prohibited.

4.4. Results and Discussion

4.4.1. Chemical Characteristics and Valence States Shift of the Air-exposed MoOs/BHJ

interface

The high-resolution XP spectra of Molybdenum(Mo), Sulphur(S), Carbon(C) and Oxygen(O)
of the samples of 3nm MoOs thickness at various exposure times to air are shown in Figure 4-

2. The relative concentration of C, Mo and O and the energy shift of C and O are shown in
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Figure 4-3 (A), (B). The relative concentration calculated for the adsorption of H,O and O3 is

shown in Figure 4-3 (C).
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as a function of exposure time

In Figure 4-2(A) and (B), the energy positions of the Mo and S peak are shown. All Mo high
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resolution spectra could be fitted with a doublet with the Mo 3ds> peak found at 232.8 +0.15
eV, and can be assigned as Mo®*%1, Upon exposure to air, there is no shift in the position or
FMHW of Mo in the XP spectra compared to the pristine MoOgz spectrum indicating no change
in the oxidation state of the Mo due to exposure to air. Other previous work report a shift of the
Mo peak of MoO3 upon 30min air exposure but did not outline the calibration procedure of the
reported XP spectral?l. The S peak does not show a shift upon increasing air exposure time,

indicating the P3HT was not significantly affected during air exposure.

Four individual peaks are found when fitting the C1s spectrum of the unexposed sample as can
be seen in Figure 4-2 (C). The C peak with the lowest binding energy is found at 283.6 +0.15
eV and is attributed to the formation of a dipole at the interface as described in detail in chapter
3 2 The respective C species is then attributed to a fraction of the polymer, which is
electronically biased in the dipole field formed at the MoO3s/BHJ interface.

There is also evidence of oxidation of C in the BHJ, with C1s peaks at 286.3 +0.15 eV and
288.0 +£0.15 eV attributed to C-O and C=0, respectively. This result shows that the BHJ after
deposition of MoOs is oxidised due to the exposure to O and moisture, but importantly as
described above, there is no evidence of reduced Mo in the XPS. Such oxidation of the BHJ
does not occur if the BHJ only is exposed to air, which compares a BHJ sample that is freshly
prepared with one that has been exposed to air for 36 hours(spectra not shown here). The

oxidation of the polymer after describing the XPS results of O will be discussed.

Two peaks are found that are attributable to O species as shown in £&i&!IKR 215 FHIE. (D).
One peak has a position at 530.8 £0.15 eVE% which is attributed to the O in MoO3 and does
not shift during the air exposure, supporting that the MoOs is not changing oxidation states due

to the exposure to moisture.

The binding energy of the second peak is 532.1 £0.15 eV for the non-exposure sample and can
be attributed to O of the BHJ. At the same position also O of H20 and adsorbed O2 would occur.
The O content slightly increases with exposure time to air as can be seen in Figure 4-3 (A). As
can be seen in Figure 4-2(D) and 4-3 (B), the O peak related to the BHJ shifts slightly during
the air exposure to 532.4 £0.15 eV over the period of 36 hours, a change of 0.3 eV.

The change in intensity and in binding energy of the C peaks due to air exposure can be seen
in Figure 4-3 (A) and (B): the fraction of the 283.6 eV peaks decreases with increasing duration
of the air exposure while the energy position shifts to higher binding energy. After 168 hours
exposure the fraction is merely 0.17 which positions at 284.2 £0.15 eV. The binding energy
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shift and fraction decrease of C low binding energy peak and O peak of polymer BHJ indicates
that the BHJ was affected by the interfacial dipole in a similar way as the C of the BHJ. The
shift of the O peak initially positioned at 532.1 eV peak is attributed to the weakening of the
dipole at the MoO3z/BHJ interface upon exposure to air. The fact that the shift of the 532.1 eV
O 1sis lesser than that of the 283.6 eV C 1s peak could be a result of the O containing functional
group being located further away from MoOs at the MoO3/BHJ interface.

In Figure 4-3 (C) the change in concentration of C related to the oxidation of the BHJ and the
change in O related to the H>O/O> at the interface and the oxidation of the BHJ are shown. For
C the 286.3 and 288.0 eV peaks are considered reflecting the oxidation of the BHJ and for O
the 532.1 eV peak is considered reflecting the oxidation of the BHJ as well as the adsorption
of H20 and potentially of O». The increase in O related to water and adsorption of H>O and
potentially O (solid red line) increases faster with exposure to air than the increase in oxidation
products of the BHJ (dashed red line). The black solid line shows the difference in both graphs.
The difference shows that exposure to air causes two changes. The first change is the adsorption
of H20 and potentially of O>. The second and later change is the oxidation of the BHJ. Electron
transfers from BHJ to MoO3 at the interface due to the energy level alignment, which decreases

the oxidation potential of BHJ. Therefore the BHJ at the interface is more likely to be oxidised.

4.4.2. Elemental Depth Distribution

NICISS has been applied to determine the relative concentration of Mo evaporated onto the
BHJ as a function of both depth and energy loss. The result is shown in Figure 4-4. A
distribution of MoOs thicknesses on the polymer BHJ can be identified. With the ongoing air-
exposure process, the concentration of Mo at the surface decreases slightly and a shift of Mo
to larger depth can be observed. The reason for this shift is that either MoOgz penetrates deeper
into the polymer BHJ or that components from the atmosphere have adsorbed onto the MoOs.

The former is the more likely reason.
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Figure 4- 4. NICISS result shows Molybdenum depth profile during the various exposures, the

relative concentration is via two axis-energy loss and depth scale

4.4.3. Decomposition and Analysis of MIES/UPS Spectra
a) The Analysis of MIES/UPS of the Samples with Exposure

To understand the implications of the observations from the XPS — that there is evidence for
the strength of the dipole at the interface changing, but no change in oxidation state of the
MoOs3 - the UP spectra of all samples discussed in the XPS section and further samples exposed
for 2 min, 10 min and 30 min to air are shown in Figure 4-5 (A) and (B). IPES has been applied
to samples which have been exposed to air for 5 min, 30 min, 2 hand 6 h. The results are shown
in Figure 4-5 (B). In Figure 4-5 (C) the valence electron region in the MIE spectra and in Figure
4-5 (D) the values are plotted.
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Figure 4- 5. (A) The secondary electron cut-off in the UP spectra of the samples from non-
exposure to 168-hour exposure; (B) The valence electron region of UP spectra and the
conduction electron region of IPES of selected samples; (C) The valence electron region of the
MIE spectra of all exposed samples; (D) Up: The plots of change upon Ecg and Evg; Below:

The plots of change upon WF and Eg4 as function of length of exposure to air

The plot of work function (WF) is shown in Figure 4-5(D) which decreases with increasing
exposure time of the samples to air and for the non-exposed sample; it is 6.7 £ 0.1eV and then
dramatically decreases to 5.7 & 0.1 eV after merely 2-min exposure. After exposure to air for
168hrs, the WF of the sample levels at 4.6 & 0.1 eV. The valence band energy (Evg) of the
samples is illustrated as well which exhibits a gradual increase from 2.6 + 0.1eV of non-

exposed sample to 3.1 &= 0.1eV after 168-hour exposure. Meanwhile an increase in conduction
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band energy (Ecs) was observed. The Ecg initiates at 0.4 * 0.1eV and increases to 0.5 *
0.1eV after 5-min exposure, then peaks at 1.2eV =+ 0.1eV. Therefore, the band gap energy (Eg)
was calculated. The Eg of pristine MoOs levels at 3.0 = 0.2eV, which escalates with exposure

time and peaks at 4.3 &= 0.2eV after 168-hour exposure. The E4 has been broadened by 1.3eV
in all, as such it can be concluded the conductivity of MoO3 layer will be declined due to the
fact a broadened band gap normally indicates such change 132, The finding of changes upon
WEF and Ecg is instructive which would affect the charge transfer over the interface. The nature

will be discussed later.

To determine if the changes in WF and the electronic properties were due to O, or moisture in
the air, three conditions were examined: normal laboratory atmosphere (21C, 42% humidity),
dry N2 (99.99%) and dry air (H.0<25ppm)) individually for 40 minutes each. The secondary
electron cut-off in the respective UP spectra is shown in Figure 4-6. Exposure the samples to
humid air decreases the WF from 6.7 £0.1 eV to 5.5 +£0.1 eV thus by 1.2 £0.2 eV. Exposure
to N2 decreases the WF by 0.1 0.2 eV and by exposure to dry air by 0.2 £0.2 eV. This gives
evidence that the decrease in WF upon exposure to laboratory air is due to the moisture content
in the air and not due to exposure to N2 or Oz. The very small changes in WF upon exposure to
N2 and dry air are most likely related to the rest humidity content of the N2 and dry air used.
Irfan et al. reported B3 that O influences the samples as well but the impact is limited and
inferior to the effect of H>O because the H20 is more likely to stick on surface and diffuse into
bulk.

; Workfunction Plots 3.2 Eve plots
65 | ¢ $ é
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55 L ¢ . 2.2
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Figure 4- 6. MoOs/BHJ samples exposed to atmosphere/N2/dry-air and the UPS results. Left:
secondary electron region with WF plots; Right: valence electron region with Evg plots
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The heating upon air-exposed MoO3z leads to the recovery of the WF to some degree. As
reported (71 the WF increases back to 6.3 eV with 500 heating, which, however, is not
realistic for interfaces involving organic compounds to their lack of stability at such high
temperatures. Heating to elevated temperatures like 300 € causes reduction of MoO3!?l,
Temperatures below 200 €€ only cause reduction of MoOs and no recovery of WF can be

observed.

b) Decomposition of Valence Electron Region of MIE/UP Spectra

Examination of the valence electron region (0-10 eV) of the MIE and UP spectra indicated a
complex system made up of two reference spectra. SVD was used to analyse by decomposing
the spectra and identifying the reference ones. In Figure 4-7 (A), the two reference spectra
required to fit the MIE spectra and a comparison with pristine MoOs and long-time exposed
MoOs are shown. It is reasonable to assign Ref. A to pristine MoO3z because of the high
coverage with MoOs and similar features. The exact nature of the other reference spectrum
(Ref. B) is not known and for this reason denoted as a complex MoOgz affected by H20
(MoO3<H20) B*361 The normalised weighting factors of both reference spectra are given in
Figure 4-7 (B). With increasing exposure time a sharp increase of the weighting factor of
MoO3z+H>0 (Ref. B) can be observed. The weighting factor for Ref. B increases from 0 to 0.68
within the first 5-minute of exposure and to 0.94 within the first 2 hours. The weighting factor
then stays rather constant. The weighting factor of Ref. A shows the opposite trend.

The decomposition of the UP spectra also results in two reference spectra. One of the reference
spectra (Ref. A) is rather similar to the non-exposed MoQ3 spectrum (dark dash line) in Figure
4-7(C). Thus, the Ref. A represents approximately the non-exposed MoOs. The Ref. B is then
related to MoO3 being exposed to H2O. The weighting factor for Ref. B in fitting the UP spectra
shows a similar trend as the weighting factor for Ref. B of the MIE spectra in Figure 4-7(D),
the Ref. B (M0Os*H20) increases dramatically from 0.17 to 0.69 after merely 5 min exposure
and then and then becomes the by far dominating weighting factor. The weighting factor of the
unexposed sample is 0.17. It could be expected that this weighting factor is O rather than 0.17.
The discrepancy is most likely due to the fact that the SVD algorithm can result in a small
degree of mixing of the reference spectra rather than finding the reference of the pristine

substances. The nature of the weighting factors for the MIE and UP spectra is rather similar.
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Figure 4- 7. (A)(C) The decomposed MIE and UP spectra using SVD method and the
comparison with non-exposed MoOs and long-time exposed MoOs spectra; (B) (D) The

weighting factors of individual reference spectra of analysed MIES and UPS

c) The influence of moisture on dipole forming at MoO3/BHJ interface

To understand more details of the influence of air exposure of the BHJ/MoO3 interface of
samples with 0.3 nm of MoO3 evaporated onto the BHJ layer were investigated with UPS and
MIES. The reason for choosing a MoOs layer of 0.3 rather than 3 nm for these experiments is
that the probing depth of UPS and MIES is less than that of XPS.

The 0.3nm MoOz on polymer BHJ samples were exposed for 5min, 2 hours and 6 hours
individually. In this set of spectra, a new component in the MIE and UP spectra can be identified.
This new component corresponds to the BHJ layer and cannot be seen in the UP and MIE
spectra of the 3 nm MoOs samples. MoOz cannot be seen in the MIE spectra at such thickness

because the MoO3 forms a closed layer on the BHJ.

When evaporating an increasing amount of MoOgs it is found that the UP and MIE spectra
gradually shift to lower binding energy. From these results the weighted shifting method (WSM)
described and used in chapter 3 for fitting the spectra can be modified. The weighted shifting

method is applied by using the following procedure:
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S = iaﬁ“ xSy E+J-AE)+ b - Sy, + €5,

meas J
j=0

. (i) _
g with z a’+b+c=1
J

Equation 4-1

AE;IQ"ZI? = z aA(/i) : J : AE
J=0

SeHy : the spectrum of the BHJ layer

Smoo3 : the spectrum of MoO3

Se-Mo03 : the spectrum of MoOz exposed, which is identified from SVD
AE : an energy increment

j-AE : an integer multiple of the energy increment for which Sgh; is shifted in applying Equation
4-1

Az . the mean shift for spectrum i. Az is a consequence of the dipole formed at the

BHJ/MoO3 interface with evidence for such diploe formation. The first term in equation
reflects the fact that the spectrum of the BHJ layer is shifted by a range of energy differences
and the weighting factor a®; reflects which fraction of the BHJ is affected by the energy shift
j-AE. The graph of the weighting factors of the shifted BHJ spectra in MIES and UPS is shown

in Figure 4-8 and the fraction of reference exposed MoOs is included.

The distributions of weighting factors for the energy shift move to lower binding energies with
increasing exposure time for both MIES and UPS. The same holds for the mean energy shift
calculated via the procedure described in chapter 3. The mean energy shift is shown in the
insets. In MIES, the mean energy shift moves from 1.0 0.1 eV to 0.6 +£0.1 eV within 6 hours
of exposure time. Oxidation of BHJ may consequently change the feature of spectra of BHJ.
However it only occurs after exposure for more than 2 hours. The change of energy shift is
mainly found within 2 hours exposure. In UPS, the weighted average shows a shift from 1.3 &
0.1eVto 1.1 £0.1 eV. The decrease in the mean energy shift demonstrates that the dipole at
the BHJ/MoO3 interface decreases upon exposure to air. In conjunction with the XPS results
and the change of WF it can be concluded that the change in the change in dipole at the
BHJ/MoOs interface is a consequence of the humidity of air. It is important to note that the
change in dipole at the BHJ/MoOs interface upon exposure to air is different than the change
in WF. This illustrates that conclusions of the change in energy levels at the interface cannot
be derived from analysing the change in WF but require investigating the energy levels at the
BHJ/MoOs interface directly.
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Figure 4- 8. (A) Weighting factor of the shifted polymer BHJ spectra of MIES; (B) weighting
factor of the shifted polymer BHJ spectra of UPS; the insets show the weighted shifted energy
of polymer BHJ spectra as function of exposure time; the Figures at the right side illustrate the

weighting factor of MoOs and exposed MoOs3 *H20O

4.4.4. Model for the Change in BHJ/MoOs Interface Dipole

The formation of dipole at the interface has been demonstrated in previous chapter. Upon
exposure to air, this dipole decreases as the shifted species in the UPS and MIES of the 0.3nm
MoOs decreases with exposure time to air.

The likely explanation of the decrease in the strength of the dipole at the BHJ/MoOs interface
upon exposure to air is that H2O diffuses to the MoOs/polymer BHJ interface as illustrated in
Figure 4-9 (A). In the upper part of the Figure the situation of the interface between MoOs and
BHJ is illustrated with the interface layer between the two substances. In the lower part the
schematic shows that H.O molecules have diffused to the MoO3/BHJ interface. H>O has such
a strong dipole and is free to orient at the interface. A dielectric such as H>O will always orient
at the interface such that it will counter the existing dipole by generating a bias under the effect
of electrostatic potential, countering the dipole direction, redirecting and confines the charge.
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This results in a decrease of the diploe formed at the pristine BHJ/MoO3 interface.
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Figure 4- 9. (A) The illustration of the diffusion of H2O from atmosphere to the MoOs/Polymer
BHJ interface. H20 diffusion to the interface is a possible reason for the reduction in dipole at
the MoOz/BHJ interface. The choice of the shape of the MoOs particles is arbitrary and not
important for the illustration of the mechanism. (B) The energy level model for the
MoOas/polymer BHJ interface before and after exposure to air. The position of the energy levels
of MoO3, BHJ and the intermediate energy levels is based on the measurements with UPS; (C)
The plot of the maximum energy shifts and the growth of energy gap as a consequence of

exposure

The finding of this work has strong implications for devices using MoOs or similar metal oxides

to form interfaces with organics such as polymer or fullerene and the blended BHJ. The
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energy level diagram of the MoO3z/BHJ interface unexposed to moisture can be described such
that the charge transfer follows the charge injection mechanism as described in referencel® 41,
The reason is that the positioning of energy bands of MoOs and BHJ due to the dipole formed
at the interface results in the alignment of the HOMO of the BHJ with the CB of MoOs. The
diagram is illustrated in the top part of Figure 4-9 (B) and the energy positions are derived from

the evaluation of UPS/IPES measurements.

The first implication of air exposure is that the energy level alignment between MoO3z and BHJ
is changing and creates an energy barrier between the air exposed-MoO3z and HOMO of BHJ.
The energy level diagram of the interface which has been exposed for 36 hours to moisture is
shown in the lower part of Figure 4-9 (B). In Figure 4-9 (C) the change of the dipole strength
at the MoOs/BHJ interface and the gap between HOMO of BHJ and CB of MoOs3 are shown
as function of the time of exposure to moisture The energy gap levels at 1.6 eV while in chapter

304 the maximum energy shift due to the dipole formation of BHJ A <> has been found to
be 2.1 eV. At this condition the Az exceeds the energy gap thus the charge transfer can be

referred to the top part of Figure 4-9 (B). With ongoing exposure of the sample to moisture, the

energy gap increases due to the increase of Ecs of MoOs while the A~ (> decreases. The
change of Az (the change of value can be referred to Figure 4-8 (B)) is shown in Figure 4-

9 (C) with the corresponding change of the energy gap as derived from Figure 4-5 (D). It can

be seen that after 30min exposure to moisture the energy gap exceeds axz¢”, and the energy

Max

levels of HOMO and BHJ are no longer aligned. As a consequence, a decrease of the charge
transfer over the interface can be expected. The misalignment of the energy levels becomes
even worse with increasing exposure time to moisture. This means that the interface is expected

to turn into a hole-trap 3% deteriorating the charge transfer efficiency.

A second consequence of the exposure to air is also illustrated in Figure 4-5 (D). H2O acts as
a dielectric, significantly broadening the Eg, which could reduce the conductivity of MoO:s.
Both impacts together increase the Rs within a photovoltaic and thus decrease the overall

performance of the device.

It needs to be noted here that the findings of the present work go far beyond the MoOs/BHJ
interface investigated in the chapter. As outlined, most organic/inorganic interfaces will form
diploes at their interface. The influence of moisture invasion upon V20s and WO3-BHJ
interfaces will be studied later. Most importantly, the strength of the dipole is likely to change

in case the interface is exposed to moisture. The exposure to moisture could cause the dipole
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to be eliminated. If the interface is part of an electronic device, the function of the device can

strongly change.

45. Conclusion

The interface between MoO3 and a BHJ formed by P3HT and PCe1:BM has been investigated
with electron spectroscopy. The dipole formation at the MoOs/BHJ interface has been further
proved. The dipole decreases when the interface is exposed to air. The decrease in the strength
of the dipole is most likely caused by the diffusion of mainly H2>O to the interface during

exposure to air. The implication for the performance of photovoltaic devices is discussed.
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Chapter 5. Change of Dipole at MoO3/P3HT:PCs1BM BHJ

Interface for VVarious Thermal Treatments

5.1. Abstract

The benefit of annealing process during the fabrication of polymer-based optical/electrical
devices has been widely accepted. The process is performed on individual P3HT:PCe¢1:BM BHJ
and the MoO3z/BHJ dual layer in the work and the chemical and electronic changes of the
interface under such circumstances have been studied. Upon annealing on BHJ before
deposition of MoOs, a sharp interface with less mixing phase can be achieved. The dipole
strength slightly declines but the charge transfer has not been noticeably affected. On the other
side, annealing upon MoOs/BHJ dual layer causes the reduction to MoOx and a heavier
penetration into the BHJ. The interface has been broadened however the dipole strength was
significantly declined due to the occurrence of MoOy, which possesses a lower WF and higher
metallic feature. The charge injection transport cannot be energetically supported, leading to a

HOMO-valence band transport and the device performance can be altered.

5.2. Introduction and Research Aim

The inverted type [ of polymer-based solar cell consists of a sandwiched structure of anode
ABL/polymer-fullerene (donor and acceptor)/ CBL 4. High WF TMOs such as MoOs, V20s
and WOs are used as ABL, which have been known for boosting the charge transfer efficiency
(451 Our previous research!®, Meyer’s[l and Wang’s group!® have assigned the charge transfer
at such interfaces to a charge injection/extraction mechanism, which bases on the alignment of
the HOMO of the organic layer and the CB of the MTOs. The energy alignment highly relies

on the dipole forming at the interface which has been revealed!®!.

Annealing of the MoOz/polymer BHJ has been routinely employed for the fabrication of OPVs
[2.9.191 "It has been reported that thermal annealing has been applied to either the BHJ [12-151 or
on the deposited MoOs [? %81 by the sol-gel method, laser deposition!*®! or evaporation. The

elimination of amorphous phase of polymer BHJ ' 17: 18] resylts in a higher charge mobility
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[19-211 which can be produced by annealing upon BHJ at a temperature exceeding the glass
transition temperature (Tq) of conjugated polymers!??, Further benefits such as the promotion
of crystallisation in the polymer structure 1112221 and the enhancement of optical response
[17] have also been observed. It has been reported that the power conversion efficiency (PCE)
of the devices increase upon annealing on BHJ %29 12171 The annealing upon MoOj3 leads to
the promotion of crystallisation nature of MoO3[*® and the interfacial contact for a better
electron extraction!!. Other findings including a variation of MoOgs distribution into BHJ were
reported [ due to the annealing while Greiner found a reduction of MoOx[?®l at 150 ° C which
also decreases the WF by 1.1eV. However the dipole and the energy level structure at such
metal oxide/polymer BHJ interface under the thermal treatment has not been studied due to the
interface mixing phase and lack of technique for approaching the interface without destructing
the layers. A decline of WF by 1.1eV will certainly cause a dramatic change of the dipole
formation but the variation of potential change of dipole has not been investigated. Therefore

the mechanism of charge transfer is unclear under the condition of annealing.

In the work, a systematic analysis of the chemical distribution and quantification, valence states
and electrical characterisation at an interface formed with MoOs and P3HTPCes:BM BHJ will
be shown. The interface will be processed with various thermal treats and the changes upon
these properties will be investigated using a powerful combination of electron spectroscopy

and mathematical decomposition algorithm.

5.3. Sample Preparation and Treatment

P3HT and PCe¢1BM are blended as described and the depositions of metal oxides are discussed
in experimental section. Here the thermal processes of the samples are illustrated in Fig 5-1. A

list including the brief sample information is shown.
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@ P3HT:PCe1BM BHJ

T s
Silicon/ITO Base
Non annealed Annealed in UHV, 170°C for 10min

1.5nm MoO3 Deposit 1.5nm MoO3 Deposit
Sample A Sample B

Non annealing Pre-annealing

Annealed in UHV, 170°C for 10min Annealed in UHV again, 170°C for 10min
_— -

Sample C

Post-annealing

Figure 5- 1. Annealing of MoO3/P3HT:PCs1BM and the samples preparation

Sample A, not annealed BHJ with 1.5nm MoO3 deposited in high vacuum
Sample B, Pre-annealed (BHJ) at 170 ° C/10min, after which the MoOs was deposited
Sample C, not annealed BHJ with MoOs deposited, then annealed together 170 ° C/10min

Sample D, subsequently annealed, BHJ pre-annealed and with MoOs deposited, after which,

the sample was annealed again.

5.4. Results and Discussion

5.4.1. Chemical Distribution and Characterisation of the MoO3s/BHJ Interface upon

Annealing

Concentration depth profiles as measured with NICISS of Molybdenum are shown in Figure
5-2(A) as a function of both energy loss and depth. The evaporation of MoO3z on polymer
surface yields a heavy penetration into the BHJ. On a pristine MoO3z/BHJ sample, the
deposition of 1.5nm MoO3 leads to a gradient distribution of Mo over a depth range of at least
8nm, which peaks at approximately 1.7nm. The gradient of the distribution towards the surface
shows a much steeper slope than the gradient at the side towards the polymer BHJ. Upon the

annealing of BHJ, the diffusion of MoOs has been significantly reduced as shown of the pre-
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annealed sample due to the energy distribution peaking at about 0.6nm. In contrast, the Mo
concentration peaks at a much higher depth into BHJ of the post-annealed sample which is the
same as for the subsequent 2 stage-annealed sample. MoOz tends to penetrate into the polymer

BHJ bulk.
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Figure 5- 2. (A) The depth profile of Mo derived from NICISS under different conditions of
annealing treatment, the sub-figure illustrates relative peak height;(B) (C) The fittings of Mo
and C spectra of XPS, the occurrence of Mo®* is remarked as shadow; (D) The relative

concentration of C, Mo and O as a function of annealing conditions

In Figure 5-2(B) and (C) the high resolution XP spectra of Mo 3ds, and Cls are shown
including fitting of the spectra. Relative concentrations of Mo, C and O can be seen in Figure
5-2(D). The spectra of O and S are not shown. A pristine polymer BHJ sample was measured
before and after annealing under same condition. Annealing did not change noticeably the

spectra.

The Mo3ds/, peak was found at 233.0 +0.15eV 2% 24 for the non- and pre-annealed samples.
Post-annealed samples with two Mo3ds/, contributions at positions of 233.1 #0.15eV and 231.7

+0.15eV!?! were found. The change in binding energy corresponds to the reduction of Mo in
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MoOs3 from Mo®" to Mo®". The fraction of Mo®* after annealing is in the range of 0.6~0.7. In
the fitting of the C peak four individual components can be identified The C-C sp2, C-O and
C=0/C=0-H peaks are found at 285.0eV, 286.7eV and 288.0eV (£0.15eV)?® 271, The energy
distribution peaking at low binding energy and ranging from 283.7eV to 284.2eV has been
discussed in our previous chapter®. This is due to the formation of a dipole at the MoOs/BHJ
interface, which electrically biases the energy of polymer BHJ within the potential gradient
generated by the dipole. The fraction of C found at binding energies < 285 eV in non- and pre-
annealed sample is less than for samples post-annealed and 2-stage annealed sample. However,
the position of the contribution at < 285 is lower by 0.5eV compared to the latter two samples.
The reason for this difference is a consequence of the strength of the dipole energy which will

be discussed later.

In Figure 5-2(D) the relative concentration of C shows a dramatic increase from about 10%
((non and pre-annealing) to 50% (post and 2-stage annealing) after the annealing processed
upon MoOz/BHJ interface, while the O and Mo decline by contrast. This finding is in line with
the NICISS results which show a shift of the Mo distribution to larger depth. Such a shift results
in a decrease of the relative intensity in XPS of the respective elements even if the total amount

of the respective element in the samples is constant.

5.4.2. Analysis of Electrical Properties of MoOs/BHJ Interface upon Annealing

a) Analysis of UPS of the MoO3z/BHJ interface with various annealing treatments

The secondary electron cut-off for the samples and the valence electron region derived from
UPS are shown in Figure 5-3(A) and (B). The WF is shown in Figure 5-3(C). A sample of 6nm
MoO3z on Si was processed under the same annealing condition and the combined result of UPS
and IPES is included in Figure 5-3(D). A pristine BHJ reference sample has been processed
with annealing. Neither the secondary electron spectra nor the valence electron spectra of BHJ
changes after annealing, indicating no energy level structure of BHJ has been altered. From
Figure 5-3(D) in prominent contrast the WF of MoO3 declines from 6.8 +0.1 eV to around
4.8 £0.1eV and a distribution of energy states across the valence electron region can be seen
approaching the zero mark (Es) on energy scale. It is a representation of distinct metallic feature
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of MoOx (x~2.5) contributing to a higher conductivity 2% 2830 No significant change of the
onset of the IPE spectrum can be seen, indicating that the Ecg of both pristine MoO3z and
annealed MoOxy stay constant at 0.4eV. The Eg of M0oOs descends from 3.0eV to 1.4eV (£0.2).
It is worthwhile to point out that before annealing the 6nm MoOs3 forms a closed layer on Si.
Such MoOg layer can be aggregated and becomes uneven after annealing because of the higher
surface energy of MoOs in comparison to Si®l. Under the circumstance the valence electron
spectrum of annealed MoOs can be considered as a mix of Si spectrum which was carried out
in a fraction. Since the substrate is As-doped N-type Si, the growth of energy states across

valence spectra which is close to Fermi level is mainly assigned to MoOx.
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Figure 5- 3 (A) Secondary electron cascade of UP spectra; (B) Valence electron region of UP
spectra; (C) WF plot of the samples; (D) Conduction electron region of IPE spectra with UP

spectra before and after annealing of a pure 6nm MoOs layer on Si.

In Figure 5-3(A) a dramatic shift of the secondary electron peak onset upon the energy scale

has been observed as a function of different annealing treatment. Meanwhile in Figure 5-3(B)
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energy peaks at about 1.8eV and 2.8eV have established in post- and 2-stage annealed samples.
The spectrum of the annealed MoO3z/BHJ sample in Figure 5-3(B) shows features different to
those in the spectrum of the annealed pure MoOs in Figure 5-3(D). This is an indication the
valence electron spectrum of MoO3s/BHJ interface is a complex combination of both annealed

MoOs and polymer BHJ, which will be analysed further below.

The WF of the non-annealed sample is 6.4 +0.1eV. The WF of the pre-annealed sample is 6.8
+0.1eV, which is close to the WF of pristine MoOs 2. After annealing the WF decreases to
4.8 £0.1eV and 5.3 +£0.1eV, respectively for latter two samples. The measured WF of the
annealed MoOs on Si sample was 4.8 eV. In terms of the proportion of reduced MoOx due to
annealing, a calculation by using Equations 1-8, 1-9, 1-10 was performed. The WF using
theoretical calculation levels at 5.0eV for the annealed MoOs on Si, which is in agreement with

the measured one within the error bar.
b) Decomposition of valence electron region of UP spectra

SVD has been applied on the valence electron region of the UP spectra of the non-annealing,
pre- and post-annealing and 2-stage annealing samples to identify the constituting components
of the measured spectra. The reference spectra representing the constituting components and
the corresponding weighing factors are shown in Figure 5-4. The comparison of reference
spectra found by decomposition with pristine MoOsz and polymer BHJ is included in Figure 5-

4(A) insets below the main figure.
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A) Reference spectra from SVD B) Weighting factor of components
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Figure 5- 4. (A) The UP reference spectra identified applying SVD, the insets below illustrating
a comparison with pristine MoOs and BHJ sample; (B) The weighting factor of reference

spectra, the inset shows the calculated mean energy shift shown as equation 5-1

Fig 5-4(A) shows the four reference spectra required to fit the whole set of the measured spectra.
It is in the nature of SVD that the reference spectra resulting from the applying the algorithm
not necessarily are identical with the spectra of a surface formed by a specific substance. The
reason is that the SVD algorithm can lead to a small degree of intermixing of the spectra of the
plain substance or adding or removing the secondary electron background. Ref. A has very
similar features as the spectrum of a pristine MoO3z sample and is thus assigned to pristine

MoOs. The peak at 4eV is characteristic for MoO3[l,

By comparing in Figure 5-4(A), Ref. B can clearly be attributed to the pristine BHJ. Ref. C is
very similar in shape to Ref. B but is subject to a shift to lower binding energy region by around
2.0eV. Such a reference spectrum had been identified in our earlier work!®! and represents the
BHJ being subject to a shift on the energy scale due to the formation of the strong dipole
between the BHJ and MoOz. Ref. C also seems to show to a small degree a contribution from

Ref. D. The reason of a small proportion of mixing of spectra has been described.
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Concerning Ref. D which has a number of characteristic peaks, namely at 1.5eV, 2.6eV, 5eV
and 7.6eV. The peaks at 1.5 eV and 2.6 eV are in the gap between HOMO and LUMO of the
BHJ and the band gap of MoO3 and change the semiconducting nature of both MoOgz and the
BHJ. They can lead to enhanced charge transfer but also act as recombination sites for electrons
and holes or as trap states for either charge carrier. The exact nature of the substance represented
by Ref. D is not entirely clear. It could be reduced MoOs with oxygen vacancies and Mo at

lower oxidation states than 6. It could also be a chemical modification of the BHJ.

The weighting factors of the four reference spectra for fitting the measured spectra are
displayed in Figure 5-4(B). The non-annealed sample and the pre-annealed sample show
mainly contributions of MoOs and the shifted BHJ spectrum. This finding is the same as
showed in chapter 3 before for deposition of MoOs3 onto the BHJ . The post-annealed sample
shows a decrease of the shifted BHJ spectrum and a very strong contribution of the pristine
BHJ spectrum while the contribution of the pristine MoOs has disappeared. This finding is in
agreement with the finding of NICISS and XPS which had shown that the MoO3z moves to
deeper layers when the samples are annealed. A small contribution of the Ref. D can also be
identified showing that the annealing has led to a change in the MoO3 and the BHJ. The same
trend can be seen also for the two stage annealed sample with the reference spectrum reflecting
the change in the BHJ and the MoOz becoming stronger. Also a small contribution of the

pristine MoOg is indicated.

Oppositely a large fraction BHJ with minor energy shift can be seen by post-annealing the

MoOs/BHJ sample however the dipole strength can be dramatically deteriorated. The mean

energy shift (AL, ) being illustrated as inset in Figure 5-4(B) can be carried out by following

ean

the equation 5-1. The calculation of AZ has been adopted in previous chapter with a

mean

similar form(®!,

ap = Y DB, + J, - AE) Equation 5-1
J‘a + ‘jb

mean

AFE : the energy shift found for reference spectra
AL : pristine polymer BHJ, which shows zero energy shift
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AL, - BHJ with an energy shift of approximately 2.0eV to lower binding energy
J, andJ,: the individual weighting factors

The AL .. is thus calculated as 1.7eV for pre-annealed sample, which declines from pristine

mean

sample by 0.1eV, and for sample post-annealing and 2-stage annealing it levels at 0.5eV and
0.2eV. The decrease in dipole strength can be due to either the change in local strength of the
dipole at the MoO3z/BHJ interface or a decrease in the intensity of the BHJ component shifted
on the energy scale because of a dipole related to the diffusion of the MoO3 to a deeper layer
in the BHJ. Only in case the BHJ has been annealed before depositing the MoOs (pre-annealed)
the diffusion of MoOs into the BHJ is stopped and the strong dipole at the MoOs/BHJ interface

retained.

5.4.3. Diagram of Chemical Distribution and Dipole Formation at the Interface upon

Annealing

The valence electron spectroscopy through UPS in combination with the chemical analysis
through XPS and measuring the concentration depth profiles of the elements with NICISS
allows getting a comprehensive understanding of the chemical and energy structure of the

MoO3/BHJ interface which is illustrated in Figure 5-5.
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Figure 5- 5. lllustration of the MoOs/BHJ interface after annealing of the BHJ layer (top part)
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Weaker difole MoOx
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and before annealing (bottom part). At the very right the interface of both the non-pre- and the
pre-annealing are sketched which result in a similar distribution of the MoOs. Note that the
thickness of interface dipole on the vertical direction indicates the dipole strength, while the

distance on parallel direction is the interface depth

The distribution of MoO3 in the polymer BHJ as function of the depth has been analysed with
NICISS. After annealing the MoOs particles are redistributed at a larger depth. The two reasons
most likely are that the surface energy of MoOs is larger than that of the polymer, driving the
MoO3 particles to larger depth. And also the entropy of mixing phase increases, resulting in an
increase of the mobility of MoOj particles B4 *1. Via XPS, reduction of MoO3 was found. The
WF of the samples decreases upon annealing due to both the decrease in concentration of MoOs
at the surface and the reduction of MoO3 to MoOx. In comparison with the non-reduced MoOQOg,

the latter has a lower intrinsic WF.

The dipole as measured with UPS at the interface between MoOs and BHJ decreases due to

annealing which is discussed below:

a) If the BHJ is pre-annealed, diffusion of MoOs into the BHJ is not promoted by deposition

and the distribution of the MoOs in the BHJ as function of the depth does not shift deeper.
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In this case, the dipole at the MoOs/BHJ interface retains compared to the previously
reported dipole strength (61,

b) Whether the BHJ is not pre-annealed or pre-annealed, diffusion of MoO3 into the BHJ is
promoted by the post-annealing and the distribution of the MoQs in the BHJ as function of
the depth changes. In this case, the dipole at the MoOs/BHJ interface strongly changes
compared to the dipole strength shown in chapter 3[¢l. The reasons are (a) the decrease in
MoO3 concentration at the surface due to the further diffusion of MoOs into the BHJ; (b)
the reduction of MoOs and formation of MoOx, producing a reduced WF; and (c) that the
MoOx does not form a closed layer anymore but is more spread out. In the latter case the
dipole orientation between the MoOx and the BHJ is distributed in all directions due to the

increase in the number of isolated MoOx. particles.

5.4.4. Estimation of Charge Transfer over the Interface upon Various Annealing

Treatments

In Figure 5-6 a model based on the electron spectroscopy data of the MoO3s/BHJ interface is
shown. The schematic illustrates the energy levels and their relative positions and also indicates
implication for the charge transfer over the interface after applying annealing at the various
conditions investigated. The energy levels Fermi level (E), Ecs or ELumo, Eve or Exomo are
taken from the electron spectroscopy measurements directly or from the analysis of the spectra
based on the component identification. The value for A Emean is from Figure 5-4(B). The left
and right sides are representing the region of MoO3z and polymer BHJ, respectively. The middle
region is the interface with mixed phases formed. In that region, the dash lines are representing
the energy levels of polymer BHJ and their shift on the energy scale. The values for MoOs,
annealed MoOy and polymer BHJ are taken from direct measurements. The CB of annealed

MoOxy is rather close to Es.
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Figure 5- 6. The energy level diagram of an interface with various annealing treatments, the
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In Figure 5-6(A) the charge transfer of an untreated MoO3z/BHJ interface follows then electron
extraction/hole injection mechanism as described elsewhere [ 8 32 due to the position of the

LUMO of the BHJ just above the HOMO of the polymer. Energetic support from interface
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dipole, which shifts the energy levels of polymer BHJ within the moment. The energy level
positions do not change upon annealing. The A Emean levels at 1.7eV and is still sufficient for

charge transition.

For the post-annealed and 2-stage annealed sample, Emean is merely around 0.5eV which is not
sufficient for an effective charge transfer across the MoOs/BHJ interface. The reason is that the
energy levels do not align well as the CB of MoO3 and HOMO of polymer BHJ with energy
shift are not matching. Therefore the extraction/injection as for the non-annealed and pre-
annealed sample cannot be carried out. Under these energy level conditions, the hole can only
transfer from the HOMO of BHJ to the VB of MoOx based on the relative positioning of the

energy levels.

In the fabrication of a polymer-based photovoltaic device such as a solar cell using MoO3 as
hole transport layer, the annealing process needs to be considered carefully. The pre-annealing
of polymer BHJ hindering the diffusion of MoO3 particles into deeper layers in the BHJ would
benefit achieving a favourable the Rsn in most case. The post-annealing, however, is double-
edged. The promotion of conductivity and interaction at the interface can be beneficial while
the heavier penetration of MoOs could potentially causes current leakage, resulting in a
decrease in Rsh. Finally, the decrease of the dipole strength at the interface between MoO3 and
the BHJ leads to a variation of charge transfer, which based on the energy level diagrams in

Figure 5-6, can be predicted to reduce the polymer based solar cell efficiency.

5.5. Conclusion

Annealing has been applied at different stages of interface forming between MoO3s and a BHJ
(blended with P3HT and PCs:BM). It was found that the annealing conditions strongly
influence the distribution of MoOs along the depth scale. Pre-annealing of the BHJ effectively
inhibits the diffusion of the deposited MoOs, leading to an interface which is sharper than that
of the samples which were not pre-annealed. With the operation of post-annealing, the MoOs
diffuses deeper into the BHJ. The interface between MoO3 and the BHJ is redistributed over a

larger depth, diluting the concentration of MoOs and leading to a decrease in alignment of the
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orientation of the dipole parallel to the surface normal at the MoOs/BHJ interface. The
implication of the annealing conditions on the charge transfer has been estimated. The overall
outcome of the present work is that the annealing conditions for real devices have to be
carefully optimised in order to avoid detrimental effects of the diffusion of MoO3 into the BHJ

upon annealing.
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Chapter 6. Observation and Characterisation of Dipoles forming

at V20s5/BHJ and WO3/BHJ Interfaces

6.1. Abstract

The formation of dipole at V20s/P3HT:PCe:BM BHJ and WO3/BHJ interfaces is determined
and characterised by applying electron spectroscopy. The minimum deposition thickness of
V205 and WOs for a closed layer on the BHJ surface has also been identified. Neutral impact
collision ion scattering spectroscopy was used to profile the concentration of metal oxides
within a certain depth and a mixing region of metal oxides/polymer was observed. Upon the
evaporation of V205 and WOs, intermediate energy levels of polymer BHJ with relative energy
shift were characterised by decomposing the valence electron spectra. Subsequently, the
reconstructing of energy bands at the interface was accomplished. The mean energy shift due
to the dipole increases with increasing amount of the transition metal oxide (TMO) deposition.
For V20s/BHJ, it saturates at 2.4 eV with 3 nm, which levels at ~1.6 eV for a WO3/BHJ

interface.

6.2. Introduction and Research Aim

The application of an anode buffer layer (ABL) in traditional and inverted structure polymer-
based solar cells [** and a variety of organic devices is highlighted in this thesis. Solar cell
efficiency is improved by enhancing device shunt resistancel® ¢ and facilitating charge transfer
at the interfacel” 8. The regularly used materials for ABL are MoOs and similar metal oxides,
such as V20s, WO3 and ReO,—all have the common characteristics of high WF/¢E 7 °,
suitable conductivity™® and transmittancel™" *2. Research has revealed the WF of pristine
MoOs, V205 and WOs as 6.7 eVl 6.9 eV and 6.6 eV respectively™. Subsequently, the
alignment of energy levels at the interface of these TMOs and polymer/fullerene active layer
leads to a strong dipolel®). Thus, the dipole formation provides energy shift for a highly
effective charge transfer. The process has been reported as charge injection/extraction® 7]

mechanism, as described in previous chapters.
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In Chapter 3, the change of energy levels including WF, Evs, Ecg and Eg at a
MoO3/P3HT:PCe1:BM BHJ interface across a range of MoOsz deposition amount was
characterised. Most importantly, a method to quantify the intermediate energy states at the
interface was demonstrated with multi-spectroscopy. Thus, the dipole energy and the energy

level structure at the interface were characterised.

In this thesis, V205 and WO3 with P3HT:PCs:BM BHJ will be investigated with a range of
deposition amounts. As an alternative high WF metal oxide, V205 features electrical
propertiest**! and surface energy!*® similar to MoOs. Using V20s as a buffer layer in polymer
solar cells has been previously reported [ 1% 201 Considering WOs, pristine WF has been
reported as lower than that of MoOs while surface energy is higher. WO3 has been occasionally
applied in polymer solar cells®?® 22 but is commonly used in OLEDs. In fact, the
characterisation of the interface of VV2Os/conjugate organic and WQOz/conjugate organic and the
dipole formation are not clear from the literature. However, these mechanisms can significantly
influence the charge transfer efficiency over the interfaces. In this thesis, V20s and WOz with
P3HT:PCs:BM BHJ are investigated with a range of deposition amounts and the
characterisation of dipole locating at V20s/BHJ and WO3/BHJ interfaces to achieve a deep
understanding of the energy level structure. Electron spectroscopy will be used to analyse the
chemical and electronic properties and ion scattering spectroscopy used to profile concentration
depth of the materials. Microscopy will assist in obtaining a topology of surface and how the

TMO particles forming on BHJ.

6.3. Sample Preparation

The methods of blending P3HT and PCs1BM and the VV-.Os and WO3 evaporation are described

in the Chapter 2. The sample preparation in this work is illustrated in Figure 6-1.
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Figure 6- 1. The sample structure: blended P3HT and PCe1BM deposited with V2Os and WO3

across a variation of thickness

A series of V205 layer thickness (0.1, 0.2, 0.3, 0.5, 0.75, 1, 1.5, 2, 3 and 5 nm) onto polymer
BHJ was achieved. Samples were then directly transferred into the analysis chamber for
measuring with electron and ion scattering spectroscopy under an ultra-high vacuum (UHV)
ambient (<10°° mbar). Thus, exposure to air and contamination were avoided. The WOs3
samples (0.1, 0.2, 0.3, 0.5, 0.75, 1, 1.5, 2, 3 and 6 nm) onto BHJ were subsequently achieved

and characterised under the same condition.

6.4. Results and discussion

6.4.1. Chemical Composition of V20s/P3HT:PCs1BM Interface

The fittings of the high-resolution x-ray scans of Vanadium (V) and Sulphur (S) of the 0.1, 0.75
and 5 nm V20s/BHJ samples are shown in Figure 6-2(A), and those of the Carbon (C) and
Oxygen (O) of the 0.1, 0.75, 3 and 5 nm V20s/BHJ samples are shown in Figure 6-2(B) and
(C). The energy position of O and S of polymer BHJ are shown in Figure 6-2(D). The fraction
of low binding energy C peak is shown in Figure 6-2(E).
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Figure 6- 2. (A)(B)(C) High-resolution scans of V, S, C and O and fitting of peaks; (D) The
binding energy plots of individual O and S peak; (E) The fraction and concentration plots of

individual C and V peak

No chemical or valence state change of V was observed in Figure 6-2(A), as the V°* 2pa2 peak
is found at 517.1 +0.15 eV/[?3 24, Either energy shift or formation of multimodal was observed.
Thus, the energy scale has not been calibrated. In Figure 6-2(A), The S 2p3/2 representing the
thiophene of P3HT (C10H14S)n?! peaked at 164.0 #0.15 eV with no obvious change in peak
position. It was determined that P3HT was underlying PCs1BM®! in the blended BHJ and the

latter dominates the outermost layer of BHJ.

In terms of C, the C1s spectra indicating the occurrence of PC¢1BM and P3HT were shown. C-
C binding peak was found at 285 #0.15 eV, while the C-O bond peaks at 286.7 +0.15 to 287.2
+0.15 eVI®!, Slight oxidation of BHJ was observed on the V20s deposition due to the increase
of C=0 bond, identified at 288.2 +0.15 to 288.6 +0.15 eV[?7. In addition, a peak at 283.6 +
0.15 eV is identified to fit the spectra, which increases in intensity with V205 deposition?®! and

is similar to the findings in Chapter 3. The fraction of the low binding energy C peak overtakes
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the C-C bond with more than 5 nm V.Os deposited onto BHJ, as shown in Figure 6-2(E). The
fitting of O1s spectra results in two individual peaks. The first level at 530.4 £0.15 and the
second is fitted at 531.2-532.6 +0.15 eV. The first was assigned to the O fraction of V205!?°!,
while the second was identified as the occurrence of PCs1BM of BHJIEY. In Figure 6-2(D), the
position of the O peak from polymer BHJ shifts by 1.4 eV to the lower binding energy. The
shift of the O peak is in alignment with the shift of the low energy C peak. Such an energy shift
of C and O peaks and increase in the proportion of the low binding energy C peak can be
attributed to the proportion of polymer BHJ that subjects to the dipole forming at the interface,

bearing an electric potential. The cause is similar to that described in Chapter 3.
6.4.2. Chemical Composition of WO3/P3HT:PCs1BM Interface

The high-resolution scan spectra of Tungsten (W), Sulphur (S), Carbon (C) and Oxygen (O
was fitted and is shown in Figure 6-3(A), (B), (C) for the 0.1, 0.75, 2 and 6 nm WOQO3/BHJ

samples.
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Figure 6- 3. (A)(B)(C) High-resolution scans of W, S, C and O and fitting of peaks; (D) The

binding energy plots of individual O and S peak; (E) The fraction and concentration plots of
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individual C and W peak

Similar to the nature of V205 on BHJ, there was no change observed for the chemical and
valence state of W and S in Figure 6-3(A). W4f7,2 was found at 36.0 +0.15 eV in all samples,
corresponding to W8*BY, while S2ps, peaked at 164.0 0.15 eV. The dipole that was discussed
forming at the WO3/BHJ interface electrically affected the polymer BHJ, yielding an energy
shift. Therefore, an increase of low binding energy peak of C was observed, situated at 283.8
#0.15 eV with a fraction of 0.4 in the 6 nm WO3 sample. In Figure 6-3(E), the binding energy
of O of polymer BHJ within the dipole moment shifted from 533.0 £0.155 eV to 532.3 +
0.155 eV. The indication of dipole forming at the WO3s/BHJ interface is similar to that of
V>0s/BHJ.

Due to the energy shift being higher than 1 eV, the dipole at such a TMO/BHJ interface can be
energetically significant enough to affect the electrical potential of interface. Consequently,

further investigation into the interface was performed.

6.4.3. Elemental Depth Distributions of V205 and WO3 on Polymer BHJ

NICISS profiling the distributions of V and W are shown in Figure 6-4, which exhibits the
relative concentration as a function of both energy loss and depth. The samples included (0.1,

0.2,0.5,1, 2 and 3 nm) V205 and (0.1, 0.2, 0.5,1, 2, 3 and 6 nm) WOz on BHJ.
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Figure 6- 4. Concentration depth profile of Vanadium (A) and Tungsten (B) showing the
distribution of element in the BHJ layer with the zero mark indicating the outermost surface of

the samples

A noticeable penetration of both VV and W can be derived from Figure 6-4 and the metal oxides
molecules are assumed to be the island-like forming on top of BHJ, which has been previously
discussed in Chapter 3. In parallel comparison, after evaporating 0.1 nm of V20s, V can be
found over a depth range of ~3 nm. Upon the same thickness, the evaporation of WO3 yields a
similar depth of distribution. Subsequently, the 1 nm V>0s/BHJ sample illustrated a depth of
V of ~6.0 nm, while in a WOs/BHJ sample, W showed a distribution of ~7 nm. With more than
2 nm V205 deposited onto BHJ, the peak height was constant and a flat distribution was
profiled in the 2 nm sample, indicating the surface is fully covered within a 1-2 nm V.05
deposition. By contrast, the smallest deposition thickness of WOs completely covering the
surface is between 3-6 nm in terms of the distribution of W peak, which turns flat after more
than 3 nm of deposition. Both V205 and WOz illustrate a heavy diffusion of the TMO particles
into polymer BHJ, but the surface coverage rate is different, which will be further investigated

with topography characterisation.

6.4.4. Observation of V20s and WOs3 Distributions upon BHJ Surface
Scanning Auger Microscopy (SAM) was applied to achieve a topographical analysis of the
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formation of V205 and WO3 onto BHJ. The SAM images and elemental mapping at given spots
for 0.3 nm V20s/BHJ and 0.3 nm WO3/BHJ samples are shown in Figure 6-5(A) and (B). The

mapping of V and W with a resolution up to 5 nm is shown in Figure 6-5(C).
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Figure 6- 5. (A) The AE spectra of selected points on 0.3nm V.0s/BHJ sample; (B) The AE
spectra of selected points on 0.3nm WO3/BHJ sample Right: (C) The elemental mapping of V
(left) and W (right) on the correspondent samples over a 100 vm? area of SEM image, the
resolution is up to 5nm. The scale on left Figure is 1 vm and on right Figure is 2 vm. (D) The

illustration of V20s (left) and WO3 (right) forming on BHJ surface of the same samples

Figure 6-5(A) and (B) also shows the AES survey scans of V.05 and WO3 on BHJ. The surface
has not been fully covered with 0.3 nm thickness deposition. The information derived from
Figure 6-5(C) is the elemental mapping of V (left) and W (right). Upon 0.3 nm evaporation
thickness, both V20s and WO3 reveal a uniform distribution on polymer BHJ (across all
samples). However, the surface coverage of V20s is much higher than that of WOs. This
suggests that the WOs particles tend to agglomerate when deposited on BHJ surface due to the
higher surface energy™®. The difference in distributions of such metal oxides can cause

differences in the formation of interfaces.

6.4.5. Decomposition and Analysis of MIES/UPS Spectra

a) The Observation and Analysis of MIES/UPS of the V.Os/BHJ Samples
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Figure 6-6 illustrates the raw UP and MIE spectra of V.Os/polymer BHJ samples. The
secondary electron cascade and valence electron region of UPS are shown in Figure 6-6(A)
and (B) respectively. The valence electron spectra of MIES are shown in Figure 6-6(C). A shift
to the lower binding energy scale of the secondary electron peak onset was observed from UPS
with the increasing amount of V20s. The MIE spectra exhibits energy distribution peaking at
6.4 eV with a minor amount of V20s, which diminishes with the escalation of deposition

quantity. The peaks can be assigned to the proportion of polymer BHJ.
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Figure 6- 6. (A) The secondary electron cascade of UPS of V.Os/BHJ samples; (B) The valence
electron region of UPS of the same samples; (C) The valence electron region of MIES of the

samples

b) The Observation and Analysis of MIES/UPS of the WO3/BHJ Samples

The features of the secondary electron and valence electron regions of WO3z/BHJ samples from
minor disposition to high surface coverage are shown in Figure 6-7(A) and (B). The valence
electron region of MIES is shown in Figure 6-7(C). Similar to the V.0s/BHJ samples, the
secondary electron peak onset shifts to a low energy region with the increasing amount of WOs.
Meanwhile, the shape of the valence electron spectra of both UPS and MIES changes gradually.
Apparent energy distribution peaking at 4 eV occurred and began to grow from UPS with the

increasing amount of WOz. The MIE spectra are rather similar to those of V,Os/BHJ.
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Figure 6- 7. (A) The secondary electron cascade of UPS of WO3/BHJ samples; (B) The valence

electron region of UPS of the same samples; (C) The valence electron region of MIES of the

samples

c) Electrical Properties of V20s/BHJ and WO3/BHJ Interfaces

The WF/$ derived from the peak onset of secondary electron cascade of UPS is plotted in
Figure 6-8(A). A noticeable modification®2 upon the WF of both V,0s and WO3 deposition
onto BHJ is exhibited. The V20s/BHJ sample reveals an increase from approximately 4.7 eV
of 0.1 nm to 6.9 eV of 5 nm thickness sample while the WF of WO3/BHJ sample ascends from
4.6 eV to 6.7 eV of 6 nm. The changes in WF reveal a dipolar complex, thus a p-type doping
effect of deposited metal oxides upon the BHJ 13334 was observed. The valence electron spectra

are further studied for identifying the comprising compounds.
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Figure 6- 8. (A) The WF of V20s and WO3/BHJ across a range of deposition thickness; (B) The

UP valence electron and IPE spectra of pristine V>0s and WO3

The characteristics of electrical properties of pristine BHJ and metal oxides are needed to
comprise the energy level diagram at the interfaces. Therefore, the samples including 8 nm
V205 and WO3 on Silicon wafer were investigated with IPES and UPS for the WF, Ecg and
Eve pristinely. The valence electron and conduction electron spectra are shown in Figure 6-
8(B). The WF/$, Evs, Ecs and band gap (Eg) are plotted in Table 6-1 with an error bar of
+0.1eV. Also included are the electronic parameters for P3HT, PCs:BM and the blended
samples for reconstructing the energy level alignment (from Chapter 3). The characteristics

obtained are also similar to Meyer#’s work.

Sample WF(eV) Enomol Evs (V) ErLumo/ Ece (eV) Eg (V)
+0.1eV +0.1eV +0.1eV +0.2eV
P3HT(c.3) 3.6 11 1.6 2.7
PCs1BM(cC.3) 39 1.6 1.0 2.6
P3HT/PCBM(c.3) | 3.7 1.2 15 2.7
V205 6.9 2.5 0.3 2.8
WO3 6.7 2.8 0.5 3.3

Table 6-1. The plots of WF, Enomo, ELumo, Evs, Ecs and Eg of pristine samples. Note that the

conduction and valence energy representing the energy difference from the Fermi level are
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absolute in the table

d) Decomposition of Valence Electron Region of MIE/UPS Spectra

The valence electron spectra of MIES and UPS illustrate a mix of valence electron states from
different components. The principles are similar to that of the MoO3z/BHJ discussed in Chapter
3. Thus, the spectra were decomposed with a mathematical method for identifying the
consisting components and related weighting factors. SVD analysis was first conducted in-
group on the UP/MIE spectra of V20s/WO3 on BHJ samples, and the methodology was the
same as that shown in Chapter 3. From the decomposition, a third spectrum similar to the
pristine polymer BHJ, featuring a shift in energy scale, was identified to fit the measured
spectra. The nature was found in the UP and MIE spectra of both V.0s/BHJ and WO3/BHJ
samples. The decomposition of UPS of V2.0s/BHJ interfaces is shown in Figure 6-9. The
spectrum Ref. Aiin Figure6-9(A) from different groups exhibits high similarity to pristine V205
in Figure 6-9(A), while Ref. B in Figure 6-9(B) reveals the same features with pristine BHJ.

Ref. C can be assigned to BHJ spectrum, but is subjected to dipolar electric bias which causes
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Figure 6- 9. (A) Reference spectrum A from different group features similar to pristine V20s;
(B) Reference spectrum B behaves as pristine BHJ; (C) Reference spectrum C as BHJ but shifts

on energy scale

However, it is important to note that Ref. C shifts by a different energetic step across a variety
of groups. The energy shift is stronger with a higher deposition of TMO on BHJ. As discussed
in Chapter 5, due to the limits of SVD, weighted shifting method (WSM) were used for fitting
the measured spectra. In this chapter, the decomposition equation has been modified as follows.
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SO = a? xSy E+ - AE)+b-S, with  Ya¥ +b=1 Equation 6-1
J=0 o J

SO =Y a? xS+ M)+ b5,  with  Yal 4+b=1 Equation 6-2
J=0 J

mean

AE(I) — Za;[) . J AL
J=0

s The measured spectrum i

Sy * The spectrum of the pristine BHJ layer

Sy, and Sy, : The spectra of the samples with 8 nm V205 and WOz on Si individually for

pristine reference

a'" : The weighting factors

Az = the mean shift for spectrum i

AE : The stepwise energy shift, which was set to 0.1eV

The electronic properties of pristine materials are included. The stepwise energy shift was set

to 0.1 eV.

In Figure 6-10(A), the weighing factors of both BHJ and V.05 and the mean energy shift from
UP spectra are shown. The decomposition results of MIE spectra are shown in Figure 6-10(C).
Figure 6-10(B) and (D) show the distribution of energy shift of UP and MIES spectra across
the range respectively, from which the maximum energy shift of BHJ is observed as 2.5 eV in

UP spectra.
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Figure 6- 10. (A)(C) Weighting factor of BHJ and V20s and the weighted shifting energy of
UPS and MIES; (B)(D) Distribution of energy shifts of the polymer BHJ from UPS and MIES;
Note that after 1nm, the V2Os has covered the surface thus the weighing factor of BHJ in MIES

is not observed after 1nm.

In Figure 6-10(A), up to a V20s thickness of 1 nm, a weighting factor of at least 0.32 of shifted
polymer BHJ is observed and the energy shift levels at 2.0 +0.1 eV, while the fraction of V205

weights about 0.68. Subsequently, the mean energy shift (ag! ) peaks at 2.4 0.1 eV with

3 nm V20s. It can be seen either the AE,inean or maximum energy shift (AE,iVlaX) increases with
the increasing amount of V>Os deposition.
The ag/_. and weighting factors of components for fitting the MIE spectra can be derived

from Figure 6-10(C). The weighting factor of V2Os levels at 0.96 +=10% and has approached

unity, thus determining that full coverage of the BHJ with V205 can be achieved by a 1-1.5 nm

deposition. A parallel increase of agi  with the increasing amount of V>0s evaporation was

determined. It can be seen that the fitting method resulted in a small degree of deviation and
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that the energy shift of BHJ still showed up after 1.5 nm V.0Os, shown in Figure 6-10(C).

The results of the decomposition upon valence electron region of UPS and MIES of WO3/BHJ
samples are shown in Figure 6-11. Weighing factors of WOz and BHJ and the weighted shifting
energy from UP/MIE spectra are shown in Figure 6-11(A) and (C) and the distribution of
energy shift in Figure 6-11(B) and (D).
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Figure 6- 11. (A)(C) Weighting factor of BHJ and WOs3 and the weighted shifting energy of UPS
and MIES; (B)(D) Distribution of shifting energy of the polymer BHJ from UPS and MIES

In Figure 6-11(A), up to a WOs thickness of 1 nm, the AE:nean levels at 1.6 0.1 eV of UPS,

which remains constant with the increase of WO3 deposition. Under the same circumstance, a
weighting factor of 0.6 of BHJ is determined. The MIES result, shown in Figure 6-11(C),
reveals a weighting factor of 0.7 of WOs with 1 nm thickness, which rises to approximately 0.9
with 3 nm WOs. A closed layer of WO3 on BHJ surface can form with at least 3 nm depositions,
which is identical to the NICISS result. The AEinean and AE;AaX rise due to the escalation of

the deposition thickness of WO3. However, the dipole strength related to the energy shift at the
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WO3/BHJ interface is weaker than that of V>Os/BHJ. This will be discussed in Chapter 6.3.8.

The reason for the formation of such a dipole at the TMOs/BHJ interface is as follows. The
electron immigrates from polymer BHJ to TMOs due to the energy level alignment[®®], Thus,

the dipole sides at positive polarity, pointing towards the metal oxides.

6.4.6. Work Function Reconstitution and Reconstruction of Energy Levels at the

Interfaces

The method of WF reconstitution®® was applied in Chapter 3 for the purpose of verifying the
decomposing and fitting procedure. The algorithm is based on the convolution of components
as in Equation 3-2: the pristine BHJ, the BHJ but subject to be shifted electronically at the
interface, and the TMOs spectra with their individual weighting factor. The fittings of WF of
V>0s/BHJ and WO3z/BHJ are individually shown in Figure 6-12(A) and (B) respectively.

(A) 7.5 1 V205/BHJ ¢ constitution and characterisation (B) 7.5 q WO3/BHJ ¢ constitution and characterisation

o
o

Workfunction(eV)
[9,]
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Figure 6- 12. Measured and reconstructed WF for (A) V2Os and (B) WO3 thicknesses on
P3HT/PCs1BM

The reconstructed WF fits the measured WF reasonably well within error bars for V,Os/BHJ
and WO3/BHJ samples. Given that the weighting factors are calculated from the decomposition
upon valance electron spectra, and thus representing the interface dipole energy, the

constitution of WF can be considered an explanatory demonstration that the root cause of
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modification of WF upon TMO deposition is due to the interface dipole complex.

Given that the quantities of electric properties of V20s and BHJ have been collected (see Table
6-1) and the intermediate BHJ spectra with energy shift are shown, a comprehension of the
energy levels at the V20s/BHJ interface can be further achieved. The WF/¢, Enomo/ELumo of
BHJ, Eve/Ecs of V20s is included in Table 6-1. Figure 6-10(B) shows the weighting factor of
shifted BHJ spectra from UPS. Thus, the reconstruction of energy levels at the V,0s/BHJ
interface across a variety of VV,Os thickness is shown in Figure 6-13, which abides by the mode
of MoO3s/BHJ samples. The zero mark on the horizontal axis indicates the region of polymer
BHJ with no deposition of V20s. Thus, the left side can be assigned to the inner part of the
pristine BHJ while the right side represents the occurrence of V.05 with a range of deposition

thicknesses.

It was noted that no energy gap or barrier was seen at the V2Os/BHJ interface with more than
0.2 nm V205 deposited. The Enomo of BHJ with maximum shifting energy has exceeded the

Ecs of V205 due to the deposition of V20s generating a strong dipole at the interface.
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Figure 6- 13. The reconstruction of interface energy bands of pristine polymer BHJ, energy-

shifted BHJ and pristine V2Os upon variation of deposition thickness

Regarding the energetic values of the energy levels of the WO3/BHJ samples, plotted in Table
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6-1 and Figure 6-11(B), the energy levels at the interface with an increase in WO3 layer
thickness are displayed in Figure 6-14. In contrast, a prerequisite of depositing at least 1 nm
WO3 on BHJ is necessary to eliminate the energy gap between HOMO of intermediate BHJ
and CB of WOa. Given that the dipole here is weaker than that of V20s, the HOMO of shifting
BHJ with a highest energy is just aligned with the CB of WO:s.
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Figure 6- 14. The reconstruction of interface energy bands of pristine polymer BHJ, energy-

shifted BHJ and pristine WO3s upon variation of deposition thickness

6.4.7. Implication for the Operation of Charge Transfer over the Interfaces

A specific quantity of V2Os will be evaporated onto polymer BHJ in a polymer-based solar cell
when V20s serves as an ABL. Therefore, the electronic energy levels and the charge transfer
under the circumstance will be discussed in this chapter. For reference, Figure 6-15 shows the
energy level schematics and charge transfer at an interface of BHJ with 1 nm thickness V20s.
In Figure 6-10(B) and Figure 6-13, a range of BHJ spectra with different energy shift
representing intermediate energy states have been observed and characterised. The energy shift
was determined and ranges from 1.8 eV to 2.4 eV. Thus, the energy levels are shown and all

the electronic parameters are taken from measured outcomes. In the schematics, the hole is
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capable of transferring from HOMO of BHJ bulk to the intermediate HOMO levels of BHJ due
to the energy shift, after which, hole transition from BHJ to the CB of V205 can be achieved
because the energy gap in-between has been eliminated by dipole. Consequently, the charge
injection/extraction mechanism® can be energetically supported. The charge transfer

efficiency is expected to boost, thus improving the performance of the devicel®,
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Figure 6- 15. The interface energy level structure of 1nm V.Os on polymer BHJ and the

illustration of charge transfer

An estimation of charge transfer over the WO3/BHJ sample is shown in Figure 6-16. An
example of 1 nm WO3 on BHJ has been discussed. By comparison, the maximum energy shift
is now levelling at 1.6 eV, resulting in an energy gap of approximately 0.2 eV to the CB of
WOs. Given that hole trap can occur at such interfacet®, which leads to charge loss, the charge
extraction/injection mechanism is not appropriately supported with the given WO3 thickness.

The favourable charge transfer only establishes with at least 3 nm WO3 deposited on BHJ.
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Figure 6- 16. The interface energy level structure of 1nm WO3s on polymer BHJ and the

illustration of charge transfer

6.4.8. Difference of the Dipole Forming and Surface Coverage among MoOs, V20s and

WOs3

The comparison of the dipoles forming at different interfaces including MoO3/BHJ, V20s/BHJ
WO3/BHJ is further discussed in this section. With abundant deposition thickness upon BHJ,
the energy shift due to the interface dipoles is favourable for charge injection/extraction
transport. The minimum deposition amount of these metal oxides for a closed surface layer and
effective transport are shown individually in Table 6-2. The mean energy shift is included. The

mean energy shift are from Figure 6-10(A) and Figure 6-11(A).

Metal Oxide | Minimum D for charge | Minimum D for | D where the mean | The mean energy

On BHJ extraction/injection a closed layer energy shift peaks | shift peak(eV)
MoOs3 0.75 nm 1~2 nm 3nm 20 = 01
V205 0.5nm 1nm 2nm 24 + 0.1
WOs3 2nm 3nm 1.5nm 16 = 0.1

Table 6-2. The thickness of MoOs, V.Os and WOs to form a closed layer and charge
extraction/injection transport. The thicknesses where mean energy shift peaks, are illustrated.

(D: Thickness)
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It is obvious the dipole forming at the V.Os/BHJ interface yields the largest energy shift while
WO3/BHJ provides the least energy shift. The cause of the difference can be addressed as

follows:

a) Given that the dipole originates from the difference of WF of TMOs and polymer BHJ%,
the dipole strength relates to the pristine WF of TMOs. V205 possesses the highest WF at
6.9-7.0 eV, while that of MoOs3 is 6.8 eV and that of pristine WO3 levels at 6.6-6.7 eV.

The dipole strength is directly proportionate to the characterised WF of metal oxides.

b) The dipole forming at the interface can be related to the surface coverage of the metal
oxides due to the accumulation of single dipole at the direction in parallel to the interface,
which was described in Figure 3-9. The formation of a closed V.Os layer requires less
deposition than that of others; 3 nm WOs is requisite to cover the surface. The difference
in the surface coverage rate is due to the difference of surface energy of the metal oxides.
As stated™ the surface energies of MoOs; and V:0s are 70 mj/m? and 80 mj/m?
respectively. For WQs, it is 100 mj/m2. A higher surface energy leads to the occurrence of

agglomeration of such metal oxides, by which the surface coverage can be postponed.

Finally, but importantly, in a polymer-based solar cell device performance can also strongly
depend on the conductivity!®, transmittancel*®l and amorphous statest*!: 4%l of these HTL metal
oxides in addition to the interface dipole energy. Cell performance using WO3 as an ABL is
non-competitive compared to that using MoO3*®l. The dipole energy forming at the interface
could be one of the reasons. A selection of the materials for the buffer layer in polymer-based

devices and the applied thickness has to be made with considerable thought.

6.5. Conclusion

In this chapter the dipole forming at the individual V.0s/P3HT:PCBM BHJ and WOs/BHJ
interfaces has been studied. The energy shift caused by the dipole can be seen from the shift of
C and O components from XPS. The NICISS shows a penetration of the metal oxides into
polymer BHJ, thus the mixing phase to form interface was determined. The energy levels and

intermediate energy states at such interfaces have also been characterised from MIES and UPS.

141



Chapter 6

In light of this, the charge transfer over the interface as a function of deposition thicknesses has
also been discussed, as were differences in the interfaces and dipole strength among all the

metal oxides. The cause of the variation has been identified and the potential implication on a

device has been highlighted.
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Chapter 7. Influence of Moisture on the Energy Level Alignment

at the V20s/BHJ and WO3/BHJ Interfaces

7.1. Abstract

Electron spectroscopy was applied to investigate the chemical and electronic properties of the
interfaces formed at V20s and WO3/P3HT:PCs:BM BHJ as a consequence of air exposure.
Over an exposure of 36 hrs, H.O and other residues are adsorbed on the sample surface and
also penetrate to the interface. H.O molecules diminish the workfunction of the metal oxides
and also encounter the dipolar orientation at such interfaces, significantly deteriorating dipole
strength. It was also found that the polymer BHJ is oxidised due to the air exposure.
Subsequently, the energy band structure at the metal oxides/BHJ interface is altered. The
change of energy level positioning and diminishing of the dipole lead to the misalignment of
energy levels which is predicted to decline the charge transfer. The nature of the interface across

a range of air exposure durations is discussed in this chapter.

7.2. Introduction and Research Aim

The interfaces forming at the boundary of high WF metal oxides, V.0s, WOz and a polymer
BHJ substrate-P3HT:PCs:BM, were investigated and the formation of dipoles at the interface
characterised with multiple photoelectron spectroscopy. Dipole strength significantly
influences the charge transfer in a polymer-based solar cell 21 using V205 or WO3 as an ABL.
Therefore, from the perspective of operation of devices it is of important to understand the

stabilisation of such dipoles during fabrication.

The electrical properties of pristine V20s and WO3 have been reported!?!. The WF of V205 was
characterised as 7.0 eV, while the IE was assigned to 9.5 eV. The WF and IE for WO3 were
6.7 eV and 9.8 eV respectively®. In Chapter 6, the WF and IE of V.0s and WO3 were
measured and also approached the reported values. Such high WF and IE can lead to significant
dipole strength of ~2 eV to support the charge transfer over the interface of metal oxides and

polymer BHJ ¥6. However, the range of the electrical properties of these metal oxides has
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previously been measured when other means of processing are adopted [7- 8. The WF of V205
is thus reported as 5.2 eV after air exposure, while the WF of an exposed WO film has been
characterised as 5.0 eVI?. An energetic difference of ~1.6 eV of WF would noticeably
influence dipole strength. Therefore, the influence of air exposure on the interface and dipole
of V20s/BHJ and WO3/BHJ is studied as such exposure is inevitable during commercialised

device fabrication.

The influence of air exposure on the MoO3s/BHJ interface was shown in Chapter 4, where the
invasion of H2O was determined to orient freely and encounter the interface dipole. Thus, the
overall dipole strength is diminished. Due to the similarity of the electrical properties of these
metal oxides, a similar nature is assumed for the V20Os/BHJ and WO3/BHJ interfaces once the
samples are exposed. Photoelectron spectroscopy was employed for chemical and electrical
characterisation and ion scattering spectroscopy was applied to profile the elemental
distribution. This chapter first aims to show how the air exposure affects the electrical
performance of V20s and WO3 and which atmospheric compounds cause the most impact.
Thus, the change upon dipole at such interfaces can be determined as a function of air exposure.

The charge transfer over the interfaces is also discussed later.

7.3. Sample Preparation and Treatment

High purity P3HT and PCs1BM were blended as described in Chapter 2 and spin-coated on Si
substrate. All samples were made in the same batch, thus they have a relatively identical nature.
The evaporation of V20s and WOz was processed individually on the substrates. The details of
BHJ fabrication and physical vapour deposition of these TMOs are discussed in Chapter 2. The
evaporation was processed synchronously to maintain the uniformity of samples. Air exposure

was proceeded and periodically controlled, as shown Figure 7-1.
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Figure 7- 1. Sample structure of V>0s/BHJ and WO3/BHJ and air exposure treatments on

respectively 3nm TMOs (A) and 0.3nm TMOs (B) on BHJ

As discussed in the MoOz work in Chapter 4, samples were made with two metal oxide layer
thicknesses. The 3 nm thickness layers were fabricated to investigate the electric properties of
TMO only due to the measuring depth of UPSI*Y, while measurement on 0.3 nm thickness
samples characterise the changes over TMO/BHJ interface. Thus, analysis of the interface
including a characterisation of the dipole can be achieved across a range of exposure times.
The samples were exposed to atmosphere in lab conditions at approximately 21° C with 50%
humidity. The controllable exposure time ranged from 5 mins to 36 hrs for 3 nm samples, and
5 mins to 2 hrs for 0.3 nm samples. All measurements were processed under UHV (<10~° mbar)

after the samples had been introduced into the analysis chamber.

7.4. Results and discussion

7.4.1. Chemical Characteristics and Valence States Shift of the Air-exposed V20s/BHJ

Interface

To characterise the chemical and elemental valence state change of the V.0Os/P3HT:PCBM
interface which was exposed to air for a variety of exposure durations, the high-resolution scan
of XPS of V, S, C and O was processed on 3 nm deposition thickness samples at a pass energy

of 10 eV. The spectra are illustrated in Figure 7-2(A), (B) and (C). The energy position of C
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and O of a given proportion of BHJ is shown in Figure 7-2(D). The calculated O concentration

of the adsorbed proportion of H20 and O upon exposure is shown in Figure 7-2(E).
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Figure 7- 2. (A)(B)(C) High-resolution scan of S, V, C and O; (D) O of BHJ and C low binding
energy peak position; (E) The fraction of C low binding energy peak in contribution of C, the
elemental concentration of C and O; (F) The calculation of the concentration of O from

adsorbent-H.O and O as a function of exposure time

Upon exposure for up to 36 hrs, no obvious energetic change of V and S was identified in
Figure 7-2(A). The V2ps;2 peak being assigned as pristine V20s is fitted at 517.1 + 0.15 eV2
131 with a doublet V2pai2, while the S2ps» was found at 164.0 £ 0.15 eV ¥ of both non-
exposed and 168 hrs exposed samples. The occurrence of S is attributed to the thiophene of
P3HTO], Therefore, V205 was not reduced through the exposure. Thus, the conclusion made
is contradictory to those previously reported!?. In Figure 7-2(B), the fitting of C results in four
individual peaks. The C-C peak was identified as 285.0 &= 0.15 eV, while the C-O/Sp2 peaks
were identified as 286.3 = 0.15 eVI'" ¥l COO/Sp3 peak was thus allocated at 288.3 =+
0.15 eVI¥, The intensity of oxidised C peak (C-O and COO) slightly increases, which is
parallel to the escalation of exposure time. In Figure 7-2(E), the concentration of C was found
to have slightly increased with increasing exposure time, the nature is not clear because the

increase was not found in MoOsz and WOs. It can be Vanadium carbide or else. This is an
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indication that either the polymer BHJ is oxidised or hydrocarbon is adsorbed into the surface
due to the exposure. The non-exposed V.0s/BHJ sample exhibited a low binding energy C
peak, which was found at 283.6 £0.15 eV. The specific C was assigned to the formation of a
diploe at the V20s/BHJ interface in Chapter 6. It can be derived from Figure 7-2(B), (D) and
(E), wherein upon exposure for 36 hrs the C peak shifted from 283.6 eV to 284.2 eV, of which
the fraction declines from 0.45 to 0.32. Thus, dipole strength at the interface diminishes due to

air exposure.

Two peaks were identified by fitting the O peak and are shown in Figure 7-2(C). The one
levelling at 530.3 +0.15 eV is relevant to V20s*®l, which is rather stable during air exposure.
The other peak, found across a range from 531.3 to 531.7, can be assigned to O of the BHJ?%
which is subjected to the dipole bias. Similar to the trend of low binding energy C peak, the
energy of this O peak increased with increasing exposure time. The extrapolation of
concentration of O which is assigned to the adsorption of H,O and O. has been made by
subtracting the overall increasing of O and the O contribution to oxidation of BHJ. In Figure
7-2(F), it can be seen that the H2O/O: increased within 2 hrs of exposure, after which it
stabilised, indicating the adsorption of H2O/O2 can be saturated. Meanwhile, the oxidation of

BHJ occurs constantly.

7.4.2. Chemical Characteristics and Valence States Shift of the Air-exposed WO3/BHJ

Interface

Figure 7-3 shows the high-resolution scans of Tungsten (W), S, C and O of 3 nm deposition
thickness WO3z/BHJ samples across a variety of exposure times. The plot of C and O related to
the dipole is shown in Figure 7-3(D). The elemental concentration is shown in Figure 7-3(E),

while the residue of H2O/O> adsorption is shown in Figure 7-3(F).
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Figure 7- 3. (A)(B)(C) High-resolution scan of S, W, C and O; (D) O of BHJ and C low binding
energy peak position; (E) The fraction of C low binding energy peak in contribution of C, the
elemental concentration of C and O; (F) The calculation of the concentration of O from

adsorbent-H.0O and O as a function of exposure time

Similar to V20s/BHJ upon exposure, no reduction of WOs or chemical change of
P3HT:PCs1BM was observed. W4f7, energy distribution peaking at 36.0 +0.15 eV did not
show any shift. Meanwhile, the S2ps/> peak was consistently situated at 164.0 #0.15 eV among
the samples. The C-O/Sp2 and COO/Sp3, which are individually fitted at 286.4 +0.15 eV and
288.3 +0.15 eV respectively, increase upon air exposure due to oxidation of the polymer BHJ.
In Figure 7-3(B) and (D), the low binding energy C peak shifts from 283.8 to 284.3 in the 6 hrs
exposed sample, after which it is hard to identify. The fraction declines synchronously from
0.32 to 0.13. Moreover, the O assigned to BHJ illustrates an energy shift from 532.2 eV to
532.8 eV within 36 hrs of exposure. These changes can be regarded as an indication of the
decline of the interface dipole upon exposure. This nature is rather similar to that of the dipole

forming at V20s and MoOs/BHJ interfaces.

The relative concentration of O in Figure 7-3(E) increases from 46% to 49%, while that of C
declines. Thus, it can be determined that no hydrocarbon or similar compounds have been

adsorbed. By extrapolating the relative concentration of O owing to the H.O and O, the

151



Chapter 7

adsorption of such compounds peaks at around 2 hrs exposure time. The result is shown in

Figure 7-3(F).

The adsorption of hydrocarbon, H>0 and O was found in VV.Os/BHJ samples, while only H>.0
and O2 were adsorbed in WOs/BHJ samples. This could be due to the surface energy of V205
and WOs discussed in Chapter 6. The dipole forming at such interfaces shows a similar

decreasing trend upon exposure.

7.4.3. Elemental Depth Distribution of Air-exposed V20s/BHJ and WOs3/BHJ Interface

The NICISS was processed on non-exposed and 36 hrs exposed 3 nm V20s/BHJ and 3 nm
WO3/BHJ samples for further investigation into the chemical properties and distribution over
the interface. The results illustrating the distribution of V and W via certain depth (up to 15 nm)

are shown in Figure 7-4. The scale of energy loss is also included.

(A) Energy Loss(eV) (B) Energy Loss(eV)
-325 125 75 275 475 675 875 1075 -270 -70 130 330 530 730

ooy

=t DEEDDDDD;,
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Depth(nm) Depth(nm)

Figure 7- 4. The NICISS results of V and W upon V20s/BHJ and WOs/BHJ, The results include

the samples before and after exposure to air. The duration was up to 36 hours

The penetration of V205 and WO3 into polymer BHJ can be observed due to the distribution
over a range of ~8 nm upon 3 nm metal oxides evaporation, and the gradient of the V and W
concentration depth profile at the surface is much steeper than that of the TMOs/BHJ interface
side. Upon air exposure of the samples, the concentration of V at the surface slightly decreases

and shifts by ~0.8 nm into BHJ, while that of W shifts by ~0.9 nm. Thus, it can be determined
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from the perspective of chemical distribution via depth that the compounds from atmosphere,
mostly moisture, are adsorbed on the TMO/BHJ sample surface. The shift of the peak from the

spectra is in agreement with that of the MoO3z/BHJ interface exposed to air in Chapter 4.

7.4.4. Decomposition and Analysis of MIES/UPS Spectra
a) The Analysis of MIES/UPS of 3nm V>0s/BHJ and WO3/BHJ with Exposure

UPS and MIES measurement was conducted to characterise the change of electronic properties
of V.05 and WOs upon various exposure durations. The information can be derived from
Figure 7-5(A) and (B). Figure 7-5(D) and (E) shows the secondary electron and the valence
electron region of 3 nm V20s/BHJ and WO3/BHJ from UPS. The IPES was performed on
samples to identify the conduction electron states, shown in the right side of Figure 7-5(B) and

(E). The valence electron region of MIES is shown in Figure 7-5(C) and (F).
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Figure 7- 5. (A),(D) The secondary electron cascade of UPS of V.0Os/BHJ and WO3/BHJ;
(B),(E) The valence electron and conduction electron region of UPS and IPES of V>0s/BHJ
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and WO3/BHJ samples; (C),(F) The valence electron region of MIES of V,0s/BHJ and
WO3/BHJ

A shift of the second electron peaks on the binding energy scale of UPS was observed in both
V20s/BHJ and WO3z/BHJ samples. The V.0s/BHJ shifted from approximately 14.4 + 0.1 eV
in non-exposed condition to 16.0 & 0.1 eV after 36 hrs exposure. In comparison, the insertion
of peak on energy scale for WOs/BHJ was at 14.7 eV in a non-exposed condition and shifted
to 16.4 eV within the error bar after 36 hrs exposure. The valence electron states of UPS for
the V.0s/BHJ samples are shown in Figure 7-5(B); an energy distribution peaking at ~6.5 eV
grows as exposure time increases. This also occurred for the WOs/BHJ samples, as shown in
Figure 7-5(E). As stated® 221, the energy state approximating at 6.5 eV was assigned to the
occurrence of moisture (H2O/OH") 1 = state on these kinds of metal oxides. The similarity has
also been found in the MoOs/BHJ work in Chapter 4 (see Figure 4-5(B)). In addition, a shift of
the conduction electron peak edge was observed, indicating an energy shift in the conduction
state of TMO/BHJ due to exposure. As illustrated in Figure 7-5(C) and (F), the feature
exhibited in the valence electron region of MIES revealed a shift relative to the energy scale as
well. Subsequently, the changes upon WF, Eve and Ecs were determined and the plots are
shown in Figure 7-6. The Eg was calculated and is included. The extrapolation is described in

the Chapter 2.

154



Chapter 7

N/A Smin 30min  2hours 6hours 36hours

3.5 : : : : : 150
= a
>
S 3 | 8
- i 1 2
S S
o g
8 >
g% [ 1952
K AEVBof V205 @EVB of WO3 <

5 L AECB of V205 OECBofWO3 | ]

S AfgofV205 @Egofwos | 7 7

45 | AWF of V205 O WF of WO3 =
= o
T a4l 2 {63
o c
535 3
E 3 -
S 3t {; {15 3
oS ¢ >

25 F =

2 4

N/A 5min 30min  2hours 6hours 36hours

Air exposure time

Figure 7- 6. Up: plots of Ece and Evg of V205 and WO3/BHJ samples as a function of exposure

time; Down: the WF and Egq of the set of sample

The WF derived from the bottom of Figure 7-6 decreases with increasing exposure time of the
samples. The WF of non-exposed V.05 sample levels was 6.9 + 0.1 eV, which decreased to
6.0 = 0.1 eV after 5 mins exposure and further decreased to 5.2 &= 0.1 eV after 36 hrs exposure.
For WO3 samples, the WF declined from pristinely 6.7 = 0.1 eV to 4.8 &= 0.1 eV after 36 hrs
exposure. The Evs of V20s/BHJ shown at the top of Figure 7-6 exhibits a gradual increase
from 2.5 £ 0.1eVt02.9 £ 0.1 eV, while the Evs of WO3 increased from 2.8 == 0.1 eV to 3.1
+ 0.1 eV. The Ecg of V.0s/BHJ showed a similar trend, increasing from 0.3 & 0.1 eV at non-
exposed to 1.0 &= 0.1 eV after 36 hrs exposure. The Ecs of WO3z/BHJ showed a smaller increase
from 0.5 = 0.1eV to 0.9 = 0.1eV. It is noteworthy that, upon the exposure, the peak
exhibiting at 2 eV of conduction electron spectra is being destructed which is assumed to be a

metallic feature of such metal oxides.

It can be determined that the Eg of the two materials significantly broadened with air exposure.
The nature is similar with that of MoOs described in Chapter 4. The electrical parameters

including WF, Evg, Ecs and Eq are detailed in Table 7-1. The Eg of V205 and WO3 broadened
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by 1.1 eV and 0.7 eV respectively. As described, the significant increase in Eg due to the air

exposure can cause a sharp decline in the conductivity across the metal oxide layerst? 241,

Sample WF(eV)£0.1 | Enomo! Eve (V)£0.1 | ELumo!/ Ece (eV)*0.1 | Eg(eV)=*0.2
Pristine V205 6.9 2.5 0.3 2.8
Exposed V205 5.2 2.9 1.0 3.9
Pristine WO3 6.7 2.8 0.5 33
Exposed WO3 4.8 3.1 0.9 4.0

Table 7-1. The plots of electrical properties of pristine V.Os/WO3 and the same samples which

have been exposed for more than 36hrs.

To determine which components from air cause the change in either valence electron features
or WF, pristine samples of V205 and WOz on Si substrate were exposed to atmosphere (21 <C,
48% humidity), dry N2 (98%+) and dry air (98%) individually for 30 mins each. As seen in
Figure 7-7, exposing the samples to a level of H>O from the atmosphere causes major reduction
of WF and shift of Eve. The exposure to dry N2 and dry air was with a small degree of moisture
from the supplier gas line. Thus, the minor shifts of the spectra on the energy scale are mostly

from such residues.
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Figure 7- 7. (A) (B) The secondary-electron and valence electron regions of the pristine V20s

sample exposed to different ambient; (C) (D) The secondary-electron and valence electron

regions of the pristine WOz sample exposed to different ambient

b) Decomposition of Valence Electron Region of MIE/UP Spectra of 3nm V20s/BHJ

To investigate the occurrence of components of V20s/BHJ samples during air exposure, SVD
was applied for decomposing the valence electron region of the MIES/UP spectra. The
reference spectra and correspondent weighting factors were addressed and are shown in Figure
7-8. Due to the difference in probing depth of UPS and MIES, the weighting factor observed

for exposed V20s is different. The similar nature has been further found in WO3/BHJ samples.
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Figure 7- 8. (A)(C) The decomposed MIE and UP spectra using SVD method and the
comparison with non-exposed V.Os spectrum; (B)(D) The weighting factors of individual

reference spectra of analysed MIES and UPS

Figure 7-8(A) shows the two reference spectra with a spectrum of the non-exposed pristine
V205 (Ref. V20s) which are required to fit the MIE spectra of V20s/BHJ. The reference
spectrum A (Ref. A) can be assigned to non-exposed V2Os due to the same feature across the
valence region, and reference spectrum B (Ref. B) can be assigned to V20s.H20[2 21 in terms
of the OH™ peak exhibiting at around 5.6 eV. The normalised weighting factors of reference
spectra are shown in Figure 7-8(B). V20s.H20 (Ref. B) reveals an increase from 0 to 0.27 after
36 hrs exposure, while the pristine V20s shows an opposite trend. The decomposition of UP
spectra results in the identification of two reference spectra, shown in Figure 7-8(C). Referring
to the pristine V20s spectrum, Ref. A is thus approximated to pristine V20s. Ref. B exhibits an
energy peak of ~6.5 eV, which is then related to metal oxide containing 1 © OH™ energy state
as reported?tl. The relative weighting factors are shown in Figure 7-8(D), which reveals a
parallel trend as MIES. Ref. B (V20s.H20) increases noticeably from 0 to 0.18 after 5 mins
exposure and by far dominates the weighing factor after 2 hrs exposure, with the weighting

factor peaking at 0.82 after 36 hrs exposure.

158



Chapter 7

c) Decomposition of Valence Electron Region of MIE/UP Spectra of 3nm WO3/BHJ

The decomposition of valence electron region of the MIE/UP spectra of WO3/BHJ samples

upon exposure and the weighting factors of reference spectra are shown in Figure 7-9.
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Figure 7- 9. (A)(C) The decomposed MIE and UP spectra using SVD method and the
comparison with non-exposed WO3 spectrum; (B)(D) The weighting factors of individual

reference spectra of analysed MIES and UPS

By comparing the features of the MIE spectra in Figure 7-9(A), Ref. A can be identified as
non-exposed WOs, while Ref. B represents the occurrence of WO3.H20. The weighting factor
of Ref. B illustrates an escalation to ~0.18 after 5 mins exposure and 0.32 after 2 hrs exposure,
after which a rapid increase to 0.77 after 36 hrs exposure was observed. Meanwhile, regarding
the decomposition upon valence electron region of UPS in Figure 7-9(C), Ref. A here was
assigned to pristine WOs3 due to the similar features. Thus, Ref. B corresponds to WO3.H,0
because the energy state approximating at 6.5 eV was seen. The weighting factor of Ref. B
shows an upwards trend, which levels at 0.62 after approximately 30 mins exposure, then

fluctuates to 0.48 and finally maximises at 0.98 after 36 hrs exposure.
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d) Influence of Moisture on Dipole Forming at Interfaces

The WSM upon UP spectra was applied here for characterising the dipole energy at V.Os/BHJ
and WO3/BHJ interface which was adopted in Chapter 6. The technique allows identifying
energy shift on the x-axis for a given spectrum. The decomposition was used on the batch of
samples with 0.3 nm deposition thickness for observation of the interface. The algorithm can
be modified as the following equation. The set of processed spectra includes the samples that

are pristine and also individually exposed to air for 5 mins, 30 mins and 2 hrs.

meas

sW = 3 a’ xS, (E+Jj AE)+b-S,, +c-S. with a’ v bh+ec=1 .
jzo J Hf/./( ) HT0s e—-MT0s ; J Equatlon 7_1

AE), =Y &l j-AE
J=0

mean

Sghy : the spectrum of the BHJ layer

Stmos : pristine V20s and WOs3 spectra shown in Figure 7-8(C) and 7-9(C) for reference
Se-Tmos : exposed V20s and WOs spectra shown in Figure 7-8(C) and 7-9(C) from SVD

AE : an energy increment

j-AE : an integer multiple of the energy increment for which Sgn; is shifted in applying Equation
7-1

Az . the mean shift for spectrum i. Az is a consequence of the dipole formed at the

TMOs/BHJ interface with evidence for such diploe formation.
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Figure 7- 10. (A) Left: weighting factor of the polymer BHJ energy shift of UPS, Right:
weighting factor of the pristine and exposed V2Os reference spectra of UPS; The results are
based on 0.3nm V,0s/BHJ sample; (B) Left: weighting factor of the polymer BHJ energy shift
of UPS, Right: weighting factor of the pristine and exposed WOs3 reference spectra of UPS;
The results are based on 0.3nm WO3/BHJ sample

The weighting factor of energy shift of polymer BHJ of 0.3 nm V.0s/BHJ and WOs/BHJ
samples after various exposures are shown in Figure 7-10, with the proportions of pristine
V20s/WO3 and exposed V20s/WOs illustrated. The distribution of energy shift shows a trend
to lower binding energies with increased exposure time for both V.05 and WOz on BHJ. The
mean shifting energies are shown as insets, which shift from 1.5 0.1 eV to 1.1 £0.1 eV of
V20s/BHJ and decline from 0.9 0.1 eV to 0.7 £0.1 eV for WOs. Given this, an obvious
decline upon dipole strength at such interfaces can be determined. The cause of the energetic

changes on the formed interfaces with BHJ are summarised as follows:

a) Asdiscussed in Chapter 2 and Chapter 4, the determination of WF from secondary electron
cascade relies on the dipole situated at the outermost layer. The dipole can be altered due

to the attaching of mainly H20 which encounters the dipolar electrostatic field. Therefore,
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a noticeable change of WF was observed. However, this dipole does not represent the
dipole forming at the TMO/BHJ interface. Thus, a direct analysis on the valence electron

region is required.

b) The shift of low binding energy C peak from XPS can be regarded as an indication of the
interface dipole strength, which declines with air exposure. The outcome was thus verified
with the observation of actual dipole strength by decomposing the UPS valence electron

states.

¢) Given the nature of H,0 dielectrict?™ 2% it is likely to penetrate into the sample. The H.0
molecules can free-orient at the interface, redirecting the electron encountering the dipoles.

For this reason, the dipole forming at the interface will be significantly weakened.

7.4.5. Estimation for the Change in BHJ/V20s and BHJ/WOs Interface Dipole

The influence of air exposure upon the charge transfer over the metal oxide/BHJ interface can
be further discussed by modelling the energy level diagram. Figure 7-11 shows a schematic of
the energy gap between the CB of V20s and HOMO of BHJ and the maximum energy shift
(AEmax) of BHJ as a consequence of air exposure. The inset provides with a comparison with

the WOs/BHJ interface. The reasons for this are summarised as follows:
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The plot of AEmax with energy gap for charge extraction/injection
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Figure 7- 11. The plot of maximum energy shift and the energy gap between CB of V,0s and
HOMO of BHJ, the inset illustrates the energy gap of WO3/BHJ sample experiencing air

exposure

a) As described in Chapter 6, the dipole forming at the V2.Os/BHJ interface is strong enough
to support the charge extraction/injection mechanism[® 271, Upon the air exposure the
dipole is being destructed, thus the energy shift of BHJ at the interface declines, while the
CB of air-exposed V20s keeps broadening from the equilibrium Es. In Chapter 6, the A Emax
was determined as 2.5 eV with more than 2 nm V20s on BHJ and the energy gap between
the HOMO of pristine BHJ and CB of V20s levels at 1.5 eV which has been exceeded.
However, upon air exposure the Ecg shifts according to the result in Figure 7-6, while the
A Emax declines in terms of Figure 7-10(A). Given this, the changing trend of A Emax and
the energy gap between the HOMO of BHJ and CB of exposed-V20s is shown in Figure 7-
11. It is worth noting that after 2 hrs (120 mins) exposure, the energy bands no longer align,
resulting in the occurrence of energy barrier. Therefore, a rapid decline of the charge
transfer efficiency over the interface can be assumed. With ongoing exposure, the energy

gap even increases, leading to a hole-trap(?® 241,

Conversely, the A Emax determined in Chapter 6 of the WO3/BHJ interface is just
sufficient for aligning the HOMO of BHJ and CB of WOs. As such, upon increase of Ecs
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of WOz and decline of A Emax under the circumstance of exposure, the energy gap

immediately occurs, destructing the charge transfer.

b) Dielectric as H-O into TMOs layer would significantly increase the band gap of such metal
oxides. The conductivity®! of V.05 and WOj3 can be easily affected. Thus, higher R of
both V205 and WOs layers is predicted, which reduces the charge mobility 5% 32 across the
layers. The findings of this work have strong implications for devices using V20s, WO3 or
similar metal oxides to form interfaces with polymer/fullerene. Even a short period of
exposure to atmosphere can cause noticeable changes in electric properties of the

TMOs/polymer interface.

7.4.6. Oxidation of BHJ upon Air Exposure at the Interface of MoO3/V20s5/\WOs3 on
Polymer BHJ

On a V20s/conjugate BHJ sample, adsorption of hydrocarbon (CmHn) can be observed on the
surface in addition to the invasion of H,O/O. For the WO3/BHJ sample, only the adsorption
of H,O/O2 was seen. Oxidation of polymer BHJ at both interfaces was observed, while in
Chapter 4 oxidation of BHJ at the interface of MoO3s/BHJ was confirmed. Since the oxidation
was not observed on pristine BHJ only, where interface dipole did not present. The dipole at
the interfaces of metal oxides and BHJ alters the oxidation potential, thus the BHJ is prone to
oxidise. This nature has been discussed in Chapter 4. A comparison of the oxidised species
between the various metal oxides interfaces as a function of exposure time was made and is

shown in Figure 7-12. The inset illustrates the weighted oxidation states.
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Figure 7- 12. The oxidation states of polymer BHJ at the TMOs/BHJ interface as a function of
exposure time, the insets illustrate the weighted oxidation fraction by a calculation of the

carbon-oxygen ratio

Apparently, the BHJ is more oxidised at the V2Os/BHJ interface due to the higher fraction of
C-0O and COOQ across the exposure duration. In Chapters 3 and 6, the maximum dipole strength
forming at V.Os/BHJ interface is higher than that of the MoO3z/BHJ interface by 0.4 eV and
that of the WOs/BHJ interface by 0.9 eV. Due to the fact that the dipole has a potential to
accelerate the oxidation of polymer BHJ, the most oxidised state for V.Os/BHJ can be assigned
to the strongest interface dipole. Besides, the maximised dipole strength at the MoO3s/BHJ
interface is higher than that of the WO3/BHJ by 0.5 eV. A hypothesis is proposed that upon
3 nm deposition thickness the WO3 forms an uneven layer in comparison with MoOs, and the
H20 reaches the interface more easily. Under these circumstances, more BHJ is exposed to

moisture, leading to a higher oxidation state.

7.5. Conclusion

No obvious chemical change of V205 or WO3 was observed upon exposure to air. Instead, the
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adsorption of mainly H>O from atmosphere was seen, which reduces the WF of metal oxides
and alters the valence and conduction states. Meanwhile, the conjugate polymer BHJ at the
interfaces with these metal oxides was oxidised. The H2O also penetrated and approached the
interfaces and diminished the dipole strength. Thus, the positioning of the energy levels at
interface can be influenced which creates obstruction towards charge transport over the
interface. The estimation of charge transfer as a consequence of air exposure has also been

discussed.
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Chapter 8. Characterisation of Dipole Forming at

MoO3/TQ1:PC7:BM Interface and the Influence of Air Exposure

8.1. Abstract

In this chapter, the capability of charge extraction/injection of MoO3 is demonstrated when
working as anode buffer layer to form interfaces with TQ1:PC71BM bulk heterojunction. First,
X-ray photoemission and neutral impact collision ion scattering spectroscopy (NICISS)
characterised the chemical properties and elemental distributions of given interfaces.
Metastable induced electron spectroscopy was then applied to determine the minimum MoO3
deposition thickness forming a closed layer on TQ1:PC71BM BHJ. The distribution of
intermediate energy states—related to dipole strength at the interface—were determined by UV-
photoelectron spectroscopy through a series of mathematical algorithm decompositions. Dipole
strength was determined to maximise at 2.4eV with more than 2nm MoOs deposition. The SVD
algorithm was also processed on the MoO3z/BHJ samples subjected to air exposure. The

decrease of dipole energy was identified as a function of exposure and quantified energy shift.

8.2. Introduction and Research Aim

The polymer-fullerene bulk heterojunction formed with TQ1 and PC7:BM has been developed
and applied on polymer-based solar devices [*4. Further, it has been reported that devices using
donor TQ1 demonstrate a higher efficiency than P3HT P! and the external quantum efficiency
(EQE) of TQ1 surpasses P3HT €], as measured by Fourier-transform photocurrent spectroscopy.
The charge mobility of donor TQ1 is competitive with P3HT ], Thus, the advantage of TQ1
as donor material has been attributed to its stable phase ® and lower recombination rate .
Additionally, as acceptor fullerene, PC7:BM displays a higher photon absorption than PCs:BM
[0 while other properties illustrate a similarity between each other. TQ1:PC71.BM BHJ has

attracted the researchers’ attention due to their advantages.

The polymer solar cell using TQ1:PC7:.BM BHJ has a conventional structure based on MoOs

as anode buffer layer. While energy levels of LUMO/HOMO of given polymer BHJ and
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CB/VB of MoOz have previously been characterised [**14  the interface of
MoO3/TQ1:PC7:BM and the dipole forming the interface have not yet been studied. In Chapter
3, the dipole was demonstrated to have a significant impact on charge transfer over the interface,
whereas in this chapter, the full energy level diagram will be determined. Further, the influence
of moisture from air exposure on the properties of MoO3z and the dipole at the interface was
demonstrated in Chapter 4. The same procedure is adopted here for an observation on the
change of dipole at MoO3/TQ1:PC7:BM interface, from which the charge transfer resulting

from air exposure can be predicted.

First, it will be shown that a minimum deposition thickness of MoOs is required to form a
closed layer on TQ1:PC71:BM. Second, it will be demonstrated that dipole strength alters across
variations of deposition. The decline of dipole strength at interfaces due to air exposure will
also be exhibited. Electron spectroscopy analyses of the electronic properties of the interface
and ion scattering spectroscopy can be used to determine elemental distribution across the

interface up to a certain thickness.

8.3. Sample Preparation

TQ1 (Poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl]) and PC7:BM
([6,6]-Phenyl C71 butyric acid methyl ester) are blended in CB:ODCB solvent as described in
chapter 2. After which the solution was spin-coated onto Si substrate and then dried in an oven.
A range of MoOs thickness of deposition was conducted as 0.2, 0.5, 1, 1.5, 2, 3 nm. The
maximum 3nm deposition thickness of MoOs would provide with a closed layer in terms of
the demonstration from chapter 3. The samples were transferred from PVD chamber directly
to the analysis chamber for applying spectroscopy thus reaction with oxygen and moisture was

avoided during the transferring.

In the section of air exposure, the MoOsz was deposited at a thickness of 0.3nm on the
TQ1:PC7:BM BHJ for a clear observation over the interfaces. The exposure time was set to
5min, 30min, 2hrs and 6hrs. After exposure, the sample was transferred immediately to the

UHV analysis chamber for measurement with UPS. The analysis of electrical properties based
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on secondary electron and valence electron states are thus made. The details of applying UPS

are described in the experimental chapter.

8.4. Results and Discussion

8.4.1. Chemical Composition and Distribution of MoOs/TQ1:PC71BM Interface

Only the fittings of high resolution XP spectra of C and O are provided in Figure 8-1(A) and
(B), including the sample with 0.2, 1, 2.2 and 3nm MoOs thicknesses. The fitting of Mo, S and
N does not show obvious change on the energy scale because of deposition thickness. In Figure
8-1(C), the nature of O from BHJ and relative concentration of Mo are illustrated. The energy
position and fraction of C, which has been determined as the proportion of BHJ experiencing

dipolar bias [*®, are shown in Figure 8-1(D).
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Figure 8- 1. (A)(B) The fittings of C and O of XP spectra of the given samples; (C) The
illustration of O of the fraction of BHJ and quantification of Mo; (D) The position and fraction

the C which levels at lower binding energy

The fitting of C results in four individual peaks. The energy position of C-O and C-O peaks
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are, respectively 286.7 +0.2eV 16171 and 288.0 +0.2eV 8 in terms of the finding of C-C
peak at 285.0 +0.2eV, with no processed calibration. Another C peak, ranging from 283.4 to
284.1eV, has also been determined. Due to the exclusion of chemical shift and sample charging,
the origin of the low binding energy C peak can be assigned to the proportion of polymer
BHJIS Additionally, TQ1:PC7:BM BHJ is subjected to an electric bias within the interface
dipole. This is consistent with the finding of P3HT:PCBM BHJ described in Chapter 3. In
Figure 8-1(B), two peaks are used for fitting the O peak. The O peak of MoOs levels at 530.5
+0.2eV ¥ while the other one is fitted at 533.0 £0.2eV of 0.2nm MoO3z/BHJ sample, which
can be assigned to O of polymer BHJ (PC7:BM fraction). In Figure 8-1(D), the energy positions
of both C and O related to BHJ, exhibit an energy shift to lower energy position, maximising
at approximately 0.7 eV. The nature was discussed in Chapter 3, where the difference of energy
shift among the samples was due to the change of mean dipole strength at the interface,

enlarging with the increase of MoO3 deposition thickness.

Energy Loss(eV)
-265 -65 135 335 535 735 935

N

4 Mo 0.2nm
o Mo 0.5nm
x Mo 1nm
o Mo 1.5nm
x Mo 2.2nm
A Mo 3nm
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4 -3-2-1012 3 456 7 8 91011121314
Depth(nm)

Figure 8- 2. The depth profile of Mo as the result of a range of deposition thickness

The information of the distribution of elements can be derived from Figure 8-2, in which the
distribution of Mo scaled with certain depth into the BHJ substrate is quantified at the atomic
level. The gradient of Mo distribution at the side of the outermost layer is much higher than the
side towards the bulk, indicating a heavy diffusion of MoOs into the polymer BHJ 15 201,

Chapters 3 and 6 demonstrated similar findings, with a penetration of TMOs into BHJ. A
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deposition thickness of 0.2nm MoOs3 yields a distribution of around 3nm MoO3 into BHJ.
Meanwhile, the MoOs penetrates as deep as 8nm with 1nm thickness. As such, it can be
determined that a high deposition amount of MoO3s will produce a deeper penetration of MoOs3
into the BHJ. The surface coverage of MoOs as a function of deposition thicknesses is
extrapolated in Figure 8-2, as the peak height of Mo contribution did not increase beyond the
deposition of 1.5nm MoO3. The alternative method for determining the surface coverage of

MoOs on BHJ is shown later with a combination of MIES analysis.

8.4.2. Decomposition and Analysis of MIES/UPS Spectra
a) The Observation and Analysis of MIES/UPS of the MoO3s/BHJ samples

In Figure 8-3(A) and (B), the secondary electron and valence electron regions of UPS are
displayed. The valence electron state of MIES is illustrated in Figure 8-3(C). The secondary
electron peak onset shifts from 16.5 +0.1eV of 0.2nm to 14.5 +=0.1eV of 3nm by processing
Equation 2-4, indicating a change upon WF as a function of MoO3 thicknesses. The valence
electron region of UPS displays a growing peak positioning at 3.8eV, relative to the occurrence
of MoOs. Both shapes of UPS and MIES valence electron peaks change gradually. The WF
derived from UPS secondary electron cascade is plotted in Figure 8-3(D), with characterisation
of a pristine polymer BHJ, increasing from 3.9 20.1eV zero thickness to 6.5 +0.1eV deposition.
The change in WF can be attributed to electrical interaction, due to the dipole formed at the
MoO3/BHJ interface, which can in turn be altered by tuning the fraction of given components

at interface > 22, The origin is explained next.
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Figure 8- 3. (A) (B) The secondary electron cascades and valence electron spectra from UPS
of the samples; (C) The valence electron spectra from MIES; (D) The plots of WF and EVB as
a function of thicknesses of MoOs; (E) The valence electron and conduction electron spectra

respectively from UPS and IPES of the polymer- fullerene substrate

The outcomes of UPS and IPES of pristine polymer BHJ substrates including TQ1, PC7:BM
and BHJ are added in Figure 8-4(E), for further consideration of the energy level diagram. The
ELumo, EHomo and WF of active layer materials are presented in Table 8-1. The BHJ represents

a dipolar complex of two organic materials [*Y1, which is considered an entirety.

Sample WF/$(eV)£0.1 | Enomol Eve (eV)$0.1 | Erumol Ece (€V)*0.1 | Eg (€V)£0.2
TQ1 3.6 08 1.2 2.0
PC/:BM 4.1 16 0.8 2.4
TQ1:PC;BM | 3.9 1.0 1.2 2.2

BHJ

Table 8-1. Plots of WF, EHomo, ELumo, Eve, Ecs and band gap (Eg) of pristine polymer BHJ
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b) Decomposition of valence electron region of MIE/UP spectra

Similar to the procedure described in Chapter 3, valence electron regions of MIES and UPS
were decomposed using Equation 2-6 to identify components at the outermost surface and
outermost interface, respectively. The decomposition was processed in groups, which is also
detailed in Chapter 3. The outcome shows the identification of the spectra of respectively
pristine MoOs, pristine polymer BHJ and polymer BHJ, although shifted to lower binding
energy by 1.0-1.7eV. Both UPS and MIES illustrate similar developments, with the identified
reference spectra provided in Figure 8-4. The legend indicates the decomposition group
containing a range of MoOs thicknesses. For example, ‘02, 05, 10’ means a group covering
0.2nm, 0.5nm and 1nm samples for processing SVD. As a consequence of MoOs deposited on
TQ1:PC7:BM BHYJ, it can be determined that alignment of Fermi level of the components
causes an electron flow at the interface, generating a static electrical dipole ?* 24, The dipole
works as an electrical bias, causing the energy shift of polymer BHJ [°1. Therefore, within the
dipole moment, the electrical properties of such organics can be shifted. The result is similar

to the MoO3/P3HT:PCs1BM interface.
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Figure 8- 4. (A),(B),(C) The reference spectra found from SVD of MIES and the comparisons
with pristine BHJ and MoOs spectra. The fittings were made among the groups covering a

range of thickness of MoOs, which is indicated as labelled; (D),(E),(F) The reference spectra
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found from SVD of UPS and the comparisons with pristine BHJ and MoO3 spectra. It can be
seen from the decomposition of MIES and UPS, Ref. C shows a rather similar feature and shape

as the pristine BHJ but shifted on the energy scale

The valence spectra can be further decomposed through Equation 3-1 by using the measured
spectra and updating ingredient spectrum of P3HT:PCs:BM BHJ to TQ1:PC7:BM BHJ. The
weighting factors of BHJ energy shift from MIES and UPS are shown in Figure 8-5(A) and
(B). The mean energy shift using Equation 3-1 and the weighting factors of components are
also illustrated in Figure 8-5(C) and (D). A distribution of dipoles is located at the interface
between MoOs and BHJ. The distribution of BHJ energy shift due to dipole of both MIES and
UPS demonstrates an increasing trend, with more MoOs deposited. The energy shift of UPS
maximised at approximately 2.4 +£0.1 eV. The weighting factor of MoOs3 can be derived from
Figure 8-5(C), which shows an initial sharp increase followed by saturation at 0.9 with 1-1.5nm
MoOs3 thickness. Combining with the outcome from NICSS, it can be determined a closed
MoO3 layer on TQ1:PC7:BM surface is established with a deposition thickness between 1nm
and 1.5nm. The mean energy shift (AEmean) from MIES and UPS can be observed from Figure
8-5(C) and (D), with increasing amounts of MoOs induced by evaporation. For MIES, the
AEmean maximised at 1.8eV, and for UPS, it was 2.2eV.
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Figure 8- 5. (A)(B) The distribution of energy shift of polymer BHJ within the dipole moment
from MIES and UPS; (C)(D) The plot of mean energy shift, weighting factors of BHJ and MoOs
form MIES and UPS

8.4.3. Reconstruction of Energy Level Diagram at the MoO3/TQ1:PC71BM Interface

First, a reconstruction of the WF of all samples has been achieved using Equation 3-2. The
constituted WF is close to the measured WF. This result is provided in Figure 8-6(A). The
diagram represents full energy levels at the MoO3/TQ1:PC7:BM interface as a function of
certain MoOs thicknesses. All electrical parameters are associated in Tables 3-1 and 8-1, and
Figure 8-5(B). The diagram offers insight into the relation between MoOs deposition amount

of and interface dipole strength.
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Figure 8- 6. (A) The fitting of WF using the analysis of decomposition components in
comparison with the measured WF; (B)The reconstruction of interface energy bands of pristine
polymer BHJ, energy-shifted BHJ and pristine MoO3z as a function of MoOs deposition

thicknesses

The section of pristine polymer BHJ is located at the left side of Figure 8-6(B), from the zero
mark on the horizontal axis. The vertical axis represents the positioning of energy levels. The
direction to the right side on the horizontal axis represents the interface of the MoO3 layer to
the BHJ layer, with increasing distance from the BHJ. The layer thickness means the value for
an energy level is shown with a certain thickness of MoOs deposition. A mixed region of MoOs
and BHJ has been identified due to the penetration, considered the prerequisite of dipole
formation. The electrical properties, such as Enomo, ELumo of BHJ within the dipole moment,

are shown as shifted BHJ at the interface.
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It also can be derived from Figure 8-6(B) that insufficient MoOs thickness (e.g., less than 0.5nm)
will result in dipole strength at the interface incapable of supporting the charge
injection/extraction transport mechanism [2° 261 due to mismatching HOMO of BHJ and CB of

MoOs. Therefore, a loss of the charge efficiency across the interface can be expected.

8.4.4. Comparison between the BHJ of TQ1:PC71:BM and P3HT:PCs1BM with MoOs3

The comparison of the dipoles forming at the interfaces of MoOs/TQ1:PC71BM and
MoO3/P3HT:PCe¢1BM is based on NICISS results (see Figures 3-3 and 8-2) and the energy shift
of BHJ at such interfaces (see Figures 3-8 and 8-4). The same thickness of MoOs3 yields a
deeper penetration of MoOs into the P3HT:PCs:BM BHJ than TQ1:PC7:BM. The closed MoOs3
layer on the outermost BHJ surface is formed with similar deposition thickness (>1nm). This
results in a more condensed layer of MoOs forming at the interface of TQ1:PC7:BM BHJ than
P3HT:PCs:BM, which was also previously observed by Carle . The distribution of BHJ
energy shift, maximum energy shift and mean energy shift from the related figures demonstrate
that with the same MoOz3 thickness, the dipole strength forming at the interface of
MoOs/TQ1:PC71BM is higher than that of MoOs/P3HT:PCs1BM. The roots of the difference

of dipoles and the nature is illustrated in Figure 8-7.

\ P3HT:PCg;BM BHJ with MoO3 deposition ] | TQ1:PC,,BM BHJ with MoO3 deposition
Polymer BHJ

Polymer BHJ

- Mean dipole strength

Figure 8- 7. The illustration of dipole strength based on the analysis at the interfaces of
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different polymer BHJ covered with MoOs

The interface dipole can be considered as an accumulation of individual dipole, which has an
electric performance at the horizontal direction. The dipole functioning at the vertical direction
in Figure 8-7 is likely to cancel each out because such dipole is highly related to the contact of
the BHJ and metal oxide to form an interface. If the local dipole vectors are in opposite
direction, they will be cancelled. Therefore, in a MoO3/TQ1:PC7:BM system, an interface with
a more condensed MoOg layer within the same vertical area can generate higher dipole energy
due to a more intense distribution of MoOz functioning at the horizontal direction. On the
contrary, where there is less penetration of MoOgs, the dipole region becomes narrower.

However, the interface dipole strength is unlikely to be affected by the dipole region.

8.4.5. Influence of Air Exposure on MoOs3/TQ1:PC71BM Interface

A similar procedure investigating the change of dipole strength at the interface of
MoO3/TQ1:PC7:BM as a function of air exposure was processed. The methodology is detailed
in Chapter 4. A sample of 0.3nm MoO3/TQ1:PC7:BM was exposed to air for a range of
durations (5 mins, 30 mins, 2 hrs, 6 hrs). The UPS valence spectra were decomposed using
Equation 4-1 and presented in Figure 8-8(A) inset. The energy shift of BHJ is also shown in
Figure 8-8(A) due to variance in exposure time. Distributions of weighting factors for energy
shift demonstrate movement to lower binding energies with increasing exposure time. In Figure
8-8(B), the A Emean levels are illustrated, along with weighting factors of BHJ and MoO3. The
A Emean levels at 1.3 = 0.1 eV shift to 0.6 £0.1eV after six hours exposure. The root has been
addressed in Chapter 4, which demonstrated that the re-orientation of H>O dielectric at the

interface encounters with the existing dipole, weakening the dipole strength.
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Figure 8- 8. (A) The distribution of energy shift of polymer BHJ as a function of air exposure
time upon the 0.3nm MoOz on TQ1LPC7:BM BHJ, the inset shows the raw valence spectra

before decomposition; (B) The mean energy shift, the weighting factors of BHJ and MoOs

A simulation of MoOs/BHJ interface with more than 2nm MoOg thickness is shown in Figure
8-9. The energy gap between CB of pristine MoOs and HOMO of BHJ levels at 1.3eV and the
maximum energy shift of BH] AZ Ajax has been identified to be 2.4eV. It can be observed that
after approximately 65 minutes exposure, the CB of MoOz and HOMO of BHJ no longer align

because the energy gap overtakes the Az . The consequent mismatching of energy levels

results in charge loss at the interface. The charge loss increases with longer exposure time,

while the interface can be turned into a hole-trapping interface 2721,

The plot of AEmax with energy gap for charge extraction/injection
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Figure 8- 9. The plot of maximum energy shift and the energy gap between the HOMO of BHJ

subjected to energy shift and the CB of MoOg, the x-axis is the exposure time in min
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8.5. Conclusion

No chemical change is observed upon evaporation of MoOsz onto the BHJ formed by TQ1 and
PC71.BM. The MoOs penetrates deep into the BHJ to form an interface and the penetration
depth escalates with greater MoOs deposits. The dipole strength at the interface as a function
of MoO3 deposition has been characterised. It can be determined that dipole strength increases
with greater MoOs evaporation. Energy levels of occupied and unoccupied states have been
determined, including the development of a full diagram of the electronic states at the
MoO3/BHJ interface. Due to air exposure and the accompanying moisture contact, dipole
strength declines. The alignment and mismatching of energy levels as a consequence of
exposure durations was illustrated and finally, implications for the performance of photovoltaic

devices were discussed.
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Chapter 9. Conclusion and Future Work

9.1. Conclusion

9.1.1. Interfaces Formed with High WF Metal Oxides and P3HT:PCs:BM BHJ

High WF transition metal oxides—Mo00Os3, V205 and WO3z—have been respectively deposited
onto the conjugated polymer P3HT:PCe1BM. Upon evaporation, no new chemical species were
found. Core electron spectroscopy showed a species of C component energetically biased at
the interface due to the formation of dipole. The dipole strength and its electrical distribution
were further determined by analysing the valence electron spectra and employing a
decomposition algorithm. A full diagram of the electronic states at the TMOs/BHJ interfaces

has been developed and the mechanism of charge transfer has been discussed.

Difference in the surface coverage rate among MoO3, V205 and WO3 was observed, as was the
energy difference of the dipoles among the interfaces of these TMOs and the distinct BHJ layer.
The deposition of V20s on BHJ yielded an interface dipole of a maximise energy of 2.5 eV.
For MoO3s/BHJ and WO3/BHJ, this was 2.2 eV and 1.6 eV, respectively.

9.1.2. Influence of Air Exposure on the Interfaces with High WF Metal Oxides and
P3HT:PCs1BM BHJ

The properties of the interfaces of high WF transition metal oxides MoQ3, V20s and WO3 and
the conjugate polymer BHJ as a consequence of air exposure have been investigated. The
invasion of mainly moisture from atmosphere enormously reduced the WF of the metal oxides
and broadened their band gaps. Decline of the dipole strength at the interfaces was further

determined, resulting in a degradation of the charge transfer over the interfaces.

For a MoOs/BHJ interface, the mismatching of energy levels and degradation of transport
efficiency occurred after 30 mins exposure. For a V2Os/BHJ interface, similar changes affected
the charge transfer after 120 mins exposure. For a WOs/BHJ interface, these changes occurred

instantly.

9.1.3. Effect of Vacuum Annealing on the Interfaces Formed with MoOs and
P3HT:PCs1BM BHJ
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The simulation of annealing process upon BHJ and high WF MoOs during the fabrication has
been performed. A sharp interface with a less elemental-mixing phase was found with the pre-
annealing upon BHJ before depositing the MoOs. A robust surface of P3HT:PCs1BM BHJ can
be achieved due to the pre-annealing. The dipole region is reduced; however, the dipole

strength remains unchanged.

On the other hand, post-annealing upon the interfaces formed with MoOs/BHJ drives the MoOs
into the BHJ bulk. The regions of mixed compounds were increased. Therefore, the interface
regions are broadened. Meanwhile, the thermal annealing significantly reduced the WF of
MoO3 by creating a proportion of oxygen vacancies. In these circumstances, the dipole strength
can be declined. Changes upon the energy level schematics at the interfaces as a function of

annealing processes were shown and the mechanism of charge transfer was further modelled.

9.1.4. Interface Formed with MoOs and TQ1:PC7:BM BHJ and the Influence of Air

Exposure on the Interface

The interface of MoO3/TQ1:PC7:BM BHJ has been further studied. The outcomes derived from
the work are the characterisation of dipole strength forming at the interface as a function of
deposition thicknesses. Comparing to the dipole adjacent with P3HT:PCs1.BM BHJ, a stronger
dipole maximised at 2.4 eV was observed. Other findings including the minimum deposition
amount of 1-1.5 nm MoOs to form a closed layer onto TQ1:PC7:BM BHJ surface have been

shown.

The air exposure was applied to such an interface while the dipole was characterised. The
dipole was reduced as a consequence of H>O penetration and encountering in the energetic
direction. It was calculated that after ~65 mins, the mismatching of energy level occurs which
can noticeably retard the charge transfer.

The procedure developed in the present work for analysing of core and valence electron spectra
shows directly that a dipole is formed at the TMOs/BHJ interfaces. Moreover, this approach
can be applied to any organic/inorganic interface that requires an essential characterisation of
the interfacial energy bands structure and importantly, can also be applied on interfaces which
have been annealing or exposed to air and has applications well beyond OPV’s as it provides

an effective way to characterise the dipoles forming at these interfaces.
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9.2. Future Work

The work shows a strong dipole forms at the high WF metal oxides and conjugate polymer-
fullerene interface, which makes the energy structure energetically favourable for charge
extraction/injection transport. The mechanism has been fully investigated. However, the
influence on the performance of a real device has not been tested. Therefore, further
experiments need to be conducted using the full structure of a polymer-based solar cell. The
structure has been designed as an Ag/MoO3/P3HT:PCs:BM BHJ/ZnO/ITO layered cell. The J-
V curve under AML1.5 solar radiation will be characterised with a range of MoOs thicknesses.

Cell performance will be analysed with an assumption of the interfacial energy diagram.

It was assumed that by spin-coating the P3HT:PCs:BM BHJ onto a MoO3 substrate the mixing
of compounds can be significantly minimised. The interface and dipole formation will be
correspondently altered. Characterisation of such dipoles is scheduled to be conducted. Further
work, such as investigating the interfaces with a range of thicknesses of BHJ onto MoOs, can
be implemented. The swapping of deposition consequence of MoO3z and polymer BHJ layer

commonly occurs in different fabrication procedures.

This thesis has focused on the interface of HTL/polymer BHJ. Other interfaces forming at
different distinct layers, for example, polymer/fullerene, polymer/polymer and polymer/ETL,
and the relevant dipole formation have not been fully studied. Such interfaces also play an
important role in the charge transport and promotion of the PCE of a device. Thus,

investigations into these should be undertaken.

The thermal evaporation method was applied in this thesis for depositing the metal oxides. It
has been shown that the low-temperature sol-gel and solution process can be alternatives which
have been commonly adopted due to their harmlessness to organic substrate and convenience
for processing. However, it can be expected that the TMO layer inevitably adsorbs moisture
during these deposition methods. Consequently, the energy level diagram at the interface can
refer to the work presented in Chapter 4. Investigations into such interfaces using low-
temperature deposition methods should be conducted to achieve a better understanding of the
transporting mechanism. Moreover, a variety of the concentrations of the gel and solution will
need to be examined. MIES would be employed for observing the energy shift at the outermost
layer and the surface coverage. Meanwhile, UPS would characterise the dipole at the interfaces.
NICISS can further investigate the chemical distribution across the interface. The results of

such research would be of interests to the researchers using a range of low-temperature methods.
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The annealing process in this thesis was conducted under UHV conditions. Conversely,
researchers have found the reduction of MoOs does not present with an Oz ambient. There
could be further study done on the interface of MoO3s/BHJ annealed with abundant O>. The O>
ambient can be created in a gas flooding chamber. However, a risk might arise in that the
filament of electron beam heating would be oxidised due to the presence of Oz. Also, the flood

of Oz has a potential to oxidise the mineral oil for turbo bearing.

The resolution (energy step) for decomposing the valence electron spectra was set to 0.05 eV,
producing an error bar of 0.1 eV of characterising the energy shift. A finer energy step to
decompose the spectra should be used in future studies. In this way, the characterisation of
energy shifts would be more accurate. Therefore, an optimised calculation algorithm and

powerful processor needs to be developed for fitting the spectra.
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