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Summary

In this thesis, we explore the use of graphene incorporated onto indium tin oxide (G/ITO) as a
structural template to modify the orientation of copper phthalocyanine (CuPc) molecules for
organic photovoltaic (OPV) device applications. We also investigate the effectiveness of 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4~-TCNQ) as a work function modifier for G/ITO
without compromising the templating properties of graphene. Photoemission spectroscopy (PES)
is employed to assess the electronic properties at the anode-CuPc interface, while X-ray
diffraction (XRD) and near-edge X-ray absorption fine structure (NEXAFS) are used to
determine the molecular orientation of CuPc. OPV devices are fabricated to attempt to correlate

the observations at the microscopic level with the macroscopic device performance.

First, we investigate the electronic properties of CuPc deposited on G/ITO and ITO using PES.
While the interaction between CuPc molecules and ITO and G/ITO is similar, the hole injection
barrier (HIB) is ~0.9 eV for CuPc/G/ITO as compared to 0.5 eV for CuPc/ITO. Therefore, further
modification of G/ITO to reduce the HIB is required. The XRD spectrum of CuPc molecules
deposited onto graphene grown on copper foil (G/Cu) verifies that graphene is an effective
structural template, causing CuPc molecules to ‘lie’ on the substrate. NEXAFS data shows that

the orientation of CuPc molecules changes from ‘standing’ on ITO to ‘tilted” on G/ITO.

Next, the effectiveness of F4,-TCNQ deposited on ITO and G/ITO as a work function modifier is
assessed. A thin layer of F4~-TCNQ is able to increase the substrate work function to ~5 eV, which
is close to the ionization potential of CuPc molecules. This suggests that barrierless extraction of
holes from CuPc into F;~-TCNQ modified ITO or G/ITO may be possible. F,~-TCNQ molecules
are found to be predominantly tilted on G/ITO, suggesting that the templating property of
graphene may be propagated through F,~-TCNQ molecules. CuPc molecules deposited onto Fg4-

TCNQ/G/ITO attain a ‘lying’ configuration, confirming that the templating property of graphene



is preserved despite the inclusion of a layer of F4~-TCNQ. The HIB is dramatically reduced to ~0.2
eV for CuPc/F,-TCNQ/G/ITO, and ~0.1 eV for CuPc/F;-TCNQ/ITO. Optical absorption of
templated CuPc molecules over the visible range is enhanced by over 40% as compared to the
non-templated molecules. Therefore, the structure of F,~-TCNQ/G/ITO appears to be a potential
anode design to improve OPV device performance. Our test cells however do not show an
improvement in OPV parameters due to the poor quality of transferred graphene, and the high

series resistance in our unoptimized OPV device.

Finally, the diffusion of F4,~-TCNQ through a CuPc film is studied using time-of-flight secondary
ion mass spectrometry (TOF-SIMS). The F~ depth profiles establish that a higher quantity of F,-
TCNQ molecules diffuse into CuPc on the G/ITO sample. This is attributed to the weaker
interfacial adhesion between F,~-TCNQ and graphene, and the crystallinity of the templated CuPc
film. The quantity of diffused F,~-TCNQ in the G/ITO sample is only about 0.2 mol%. At this
dopant concentration, the conductivity of the film should increase; thus doping of the whole

organic film may be favourable for OPV devices.
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Chapter 1 : Introduction

This chapter serves to provide an overview of the key areas relevant to this thesis. To begin with,
an introduction to organic solar cells and its basic working principles will be briefly presented.
Following which, structural templating as a method to control the molecular orientation of the
donor molecules, and the importance of energy level alignment in an organic solar cell will be
discussed to provide a background for the work in this dissertation. Lastly, the structure of copper
phthalocyanine (CuPc) molecules, which will be used extensively in this investigation, will be

described.

1.1 Organic Photovoltaics Devices

The harvesting of energy directly from sunlight using photovoltaic devices (PV) is an essential
component in renewable energy production. PV using organic semiconducting (OSC) materials,
or organic photovoltaic (OPV) devices, have attracted much attention since Tang demonstrated a
~1% power conversion efficiency (PCE) in 1986 using a single donor/acceptor (D/A)
heterojunction.' Coupled with the potential for low cost production, low weight, increased device
lifetimes, and tuneable electronic and structural properties, OPV devices are increasingly popular
as an energy source.” Although rapid improvements have been made in OPV devices over the
past three decades with the PCE up to ~8% for single heterojunction solar cells,”® and ~10% for
tandem solar cells,” these values fall well short of the 24% achieved for crystalline silicon-based
PV." Therefore, considerable research has to be undertaken to improve the performance of OPV
devices to make them commercially viable. To design strategies for device improvement, it is
necessary to understand the basic working principles and intrinsic limitations of OPV devices.
For this dissertation, we will focus on phthalocyanine-based small molecule OPV devices as they
have well-defined molecular structures, easily achieved chemical purity and better batch-to-batch

reproducibility.’ In particular, they serve as well defined systems and are compatible with
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vacuum based deposition systems for the investigation of fundamental interface energetics and

structural properties.

1.1.1 Basic Properties of OPV Devices

A basic OPV device consists of a transparent front anode through which light enters the device,
an active layer of p-type donors and n-type acceptor OSC materials, a back cathode, and optional
intermediate layers such as electron or hole blocking layers (Figure 1-1). The materials used for
each layer in this dissertation are labelled in Figure 1-1. The ability of OSC materials to absorb
visible light and transport charges is due to the hybridization of the carbon atoms, leading to the
formation of m-conjugated electron systems.'"'* The main (idealized) processes for converting
light into energy can be described in the following steps: 1) Absorption of photons by the active
layer, leading to the formation of excitons. 2) Diffusion of the excitons towards the D/A interface,
3) separation of the excitons into Coulombically bound electron-hole pairs, and subsequently into
free charges due to an energetic offset. 4) Subsequently, charge transport to the electrodes with
the aid of a built-in electric field that originates from the different work functions of the chosen
electrodes and 5) collection of the charges at the electrodes.”> ™"

There are several challenges involved with OSC materials'® that limit the current efficiency of
OPV devices as compared to inorganic PV. OSC materials have low dielectric constants € (e
~4.5),2'""!% resulting in exciton binding energies (E,) of up to 1 eV." Therefore excitons are
unable to dissociate immediately into free charges upon formation. The excitons have to diffuse
to the D/A interface, without recombining, where a sharp potential drop at the interface results in
charge separation.' This process is limited by the exciton diffusion length of around ~10 nm,”
which is smaller than the thickness of the film required for efficient light absorption.>'"*' OSC
materials are associated with low carrier mobilities typically between 10° — 10" cm*/Vs due to

the limited m-orbital overlap and numerous defects in the (poly)crystalline film.
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Figure 1-1 A schematic drawing showing the typical layers in an OPV device. The materials used in this dissertation
are annotated in the diagram; for the intermediate layers, the front layer is graphene and F,~-TCNQ, and the back layer
is BCP. A planar heterojunction is shown for simplicity. Light enters the cell from the anode side.

Over the years, strategies have been developed to enhance the absorption strength and the exciton
diffusion length, the efficiency of charge separation at the D/A interface and charge carrier
mobility. These strategies include the chemical synthesis of new materials, improving the design
architecture of OPV devices, controlling the structure and crystalline order, and optimizing the
interface electronic properties.>®”*'>!*21"2 For example, using small molecules with the donor
and acceptor groups incorporated in a single unit has shown to be an efficient method to increase
device performance through efficient exciton transport and separation.®” In terms of design
architecture, bulk heterojunction PV which consists of an interpenetrating network of donor and
acceptor materials in the active layer, reduces the distance between an exciton and a D/A
interface without compromising the optical absorption of the film.**** Tandem solar cells are able
to capture a wider spectrum of light by utilizing two complementary stacked solar cells.*®
Interface layers may also be introduced at the electrodes (Figure 1-1). These layers may serve
several purposes, including limiting charge recombination at the electrodes, adjusting the
energetic barrier height and preventing physical and chemical damage between the electrodes and

the active layers."” They can also improve OPV devices performance by controlling the molecular



orientation of the organic film through structural templating.”” > More details regarding structural
templating in planar heterojunction OPV devices (Figure 1-1), which will form the backbone of

this thesis, are presented in the next section.

1.1.2 Structural Templating in OPV Devices

Structural templating in OPV devices refers to the control of molecular orientation and
crystallinity of the active layer film by altering the surface property of the substrate, such as
through the introduction of an interfacial (template) layer. OSC films are made up of individual
molecules held together by weak Van der Waals interactions; therefore, their physical properties
are dependent on the coupling between adjacent molecules. Furthermore, the anisotropy inherent
to planar OSC molecules implies that charge and exciton transport depends on the orientation of
the molecules. For example, the peak charge mobility in planar copper phthalocyanine (CuPc)
thin films is found along the one-dimensional stacking axis (Figure 1-2) due to enhanced
intermolecular orbital overlap. High hole mobility of around ~1 cm?/Vs has been observed along

3931 while that between stacks is estimated to be 10° ¢cm*/Vs.** The works

the stacking direction,
by Rand et al®® and Irkhin er al* reveal that exciton diffusion is also enhanced along the
stacking axis of planar molecules. Furthermore, the relative orientations of the donor and acceptor
molecules in OPV devices affect the coupling at the D/A interface which has direct impact on the
charge separation efficiency.”®** Optical absorption by planar organic molecules is likewise
anisotropic since it depends on the overlap between the transition dipole moment and the electric
field vector. For planar phthalocyanines, stronger optical absorption in the visible range is
observed when the molecules are perpendicular to the incident beam as the transition dipole lies
in the plane of the molecule.”**** Therefore, the thickness of the active layer required to absorb

the incoming photons can be reduced, consequently reducing the distance between the excitons

generated and a D/A interface. In view of the simultaneous enhancement of these properties by



controlling the molecular orientation of the active layer, structural templating is a promising route

to improving OPV device performance.

For planar heterojunction OPV devices, it is desirable for the planar donor molecule within thin
films to stack with their molecular planes parallel to the substrate, i.e. ‘lie flat’ on the substrate
[Figure 1-2 (b)]. In this orientation, exciton and charge transport is favoured in the vertical
direction (perpendicular to the electrodes), charge separation at the D/A interface is enhanced,
and the light absorption strength is increased. However, phthalocyanines as the donor layer tend
to pack with their molecular planes perpendicular to the electrode [typically indium tin oxide
(ITO)] substrate, or ‘standing’ orientation as shown in Figure 1-2 (a), due to stronger
intermolecular than interfacial interactions.’® Examples of structural template that have been used
to modify the orientations of phthalocyanines such that the molecules lie parallel to the substrate
include perylene-3.,4,9,10-tetracarboxylic dianhydride (PTCDA),***"™ pentacene,” copper(I)
iodide (Cul),™* and graphene.”**'* Regardless of the template layer, the underlying principle
that bestows the templating ability originates from the stronger template layer-molecule

interaction.

a) b) 2

fAf7 TIr
123 02 etatatet

Substrate Substrate

Figure 1-2 Schematic drawings showing the effect of structural templating on planar molecules. Individual
molecules are shown and the direction of the stacking axis is indicated by the dashed arrow. (a) ‘Standing’
orientation of the molecules before templating, and (b) the ‘lying’ orientation with the inclusion of a template layer.



While templating the donor layer in OPV devices has several advantages as detailed in the
preceding paragraphs, it should be noted that this may not translate directly into improved device
performance. This is because 1) the interfacial energetics may be disrupted with the insertion of
the template layer, 2) the optical absorptivity by the template layer may be too high, or the layer
is opaque, 3) the crystallinity or morphology of the donor layer is modified, and 4) unfavourable
chemical interaction between the template and active layers (or substrate and template layer) may
occur. Using a PTCDA structural template for a CuPc-fullerene OPV device, Sullivan et al.
observe an increase in short circuit current (Ji.) for the templated (lying) CuPc molecules as
compared to a reference unmodified OPV device.** This has been attributed to the improved
charge mobility perpendicular to the substrate. However, an insulating PTCDA layer with a deep
HOMO level hinders effective charge extraction at the anode by introducing a ~1.5 eV barrier,
consequently reducing the open-circuit voltage (V,.). Separately, Lassiter et al. note that the RMS
roughness of CuPc increased by a factor of more than two by introducing a PTCDA layer, and the
surface becomes more uneven.’’ The absorption spectrum of PTCDA overlaps with the
absorption of phthalocyanine molecules, thereby reducing the amount of reaching the active layer
in organic solar cells by ~20% for 10 nm thick PTCDA templating layer.® Pentacene structural
template has a more favourable energy level as compared to PTCDA, but causes the morphology
of H,Pc to change dramatically from elongated crystallites of ~200 nm in length, to ~30 nm
spherical crystallites with numerous grain boundaries.*” Thus there was no improvement in the
overall PCE of the device. In the past two years, Cul has been discovered as a potential structural
template layer. To date, reports have shown that it can simultaneously raise the work function of
ITO, enhance light absorption, and smooth the rough surface of ITO.**** A drawback however is
that slow growth rates of ~0.05 A/s is required for the deposition of Cul, or undesirably large
crystals may form which can cause shorting in OPV devices.* These examples indicate that in
order for structural templating to realise its full potential, the layers have to be carefully chosen,
or further modifications (e.g. annealing, surface functionalization etc.) may be required.
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More recently, graphene has been used as a structural template.”>* ** Graphene is a two-
dimensional single layer of carbon atoms arranged in a honeycomb structure. It is chemically
inert and thermally stable,* absorbs only ~2.3% of visible light per layer and has uniformly high
transmittance in both visible and IR regions.?” Furthermore, graphene sheets show low interfacial
contact resistance with organic materials®® and similar work function range as ITO.**** These
properties suggest that graphene is well-suited as a template layer in OPV devices without
introducing high resistance charge injection barrier and reducing the amount of light transmitted

to the active layer. Using graphene as a template layer will be the focus of this thesis.

An important consideration concerning the change in orientation of the donor molecules is the
modification of the energy level of the molecules. The dependence of the ionization potential (IP)
energy on the orientation of molecules has been reported.** For CuPc molecules, a difference of
up to 0.4 eV between the lying and standing orientations have been observed due the oriented C-

H dipoles at the exposed surface for the standing orientation.”'

This directly affects the
energetic offsets at the D/A interface,” and can contribute to a build-up of holes at the electrode.

The importance of the energy level alignment in OPV devices will be briefly covered in the next

section.

1.1.3 Energy Level Alignment in OPV Devices

An OPV device is made up of several interfaces between materials that have different electronic
energy levels. The respective energy levels are crucial in determining the efficiency of charge

separation and collection. Here we briefly mention some of the essential energetic considerations.

The difference in work functions between the front anode and the back cathode creates an internal
field in an OPV devices which aids in the separation of the photoinduced charges at the D/A
interface.”>* The work function of the front (back) electrode is usually larger (smaller) than the

back (front) electrode so that holes (electrons) are collected at the front (back) electrode. A



reverse order in the magnitude of the work functions would cause charges to flow in the opposite
direction, such as in an inverse OPV device. The built-in electric field from the electrodes alone is
insufficient to overcome Ey; therefore an additional potential drop at the D/A interface is required
for exciton separation as shown in Figure 1-3. If E, is smaller than the lowest unoccupied
molecular orbital (LUMO) offset between the donor and acceptor (LUMO, - LUMOp), exciton

separation at the D/A interface is favoured (Figure 1-3).* The difference in HOMOp - LUMO, is

3,54

also correlated to the maximum V attainable.

—
Cathode

HIB

HOMO,

Donor Acceptor

Figure 1-3 Schematic drawing showing the energy levels in an OPV. E,, and E, refer to the Coulombically bound
exciton energy and exciton binding energy respectively. The HOMO and LUMO positions of the donor (subscript D)
and acceptor (subscript A) materials, and the HIB are also shown. The dashed arrows in the donor and acceptor bands
indicate the directions of the hole and electron diffusion respectively.

After the charges have separated and diffused to the electrodes, the energy offset between the
organic layer and the electrode can limit the charge collection efficiency and recombination of
charges. Ideally an ohmic contact between the work function of the anode (cathode) and the
HOMO (LUMO) of the donor (acceptor) molecule is desirable for barrierless charge extraction.
The anode (ITO) portion of an OPV device will be investigated in this thesis. We propose that
complementary strategies may apply to the cathode to reduce the barrier for charge extraction.
For phthalocyanines and commonly used polymers in OPV devices, the HOMO level is usually

>5 eV™® while the work function of ITO ranges from 3.7 eV — 5.1 eV.”** To reduce the energy



gap between the HOMO of the donor and the work function of the anode, or hole injection barrier
(HIB), high ITO work function is desirable. The significant variability in the anode work function
necessitates that, to be commercially viable, consistent and reliable methods of adjusting the
substrate work function to ~5 eV are required to ensure reproducibly high performance between

different batches of OPV devices. This can be accomplished by exposing the ITO surface to

56,57,61 62

plasma or acid treatments, or by coating the ITO with high work function materials
including, but not limited to, the polymer poly(ethylenedioxythiophene) doped with
poly(styrenesulfonate) (PEDOT:PSS),” metal oxides**® such as MoOy and V,0s, and small
molecules to manipulate the surface dipole“ like  2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F,-TCNQ).®” While these interfacial materials may be successful at
increasing the effective sample work function, they may also suffer from some drawbacks. For
example PEDOT:PSS is highly acidic and has been reported to corrode ITO and organic layers®
and it has non-uniform conductivity throughout the film.*” The work function of the metal oxide
MoQ, is reported to be unstable in air and moisture, decreasing by over 1.2 eV due to exposure to
air,” while F~-TCNQ is found to be able to diffuse through organic small molecule active

layers.”' Thus, careful selection of these materials is crucial to minimize the detrimental effect on

the OPV device system.

As a concluding statement, it should be noted that the energy levels discussed in this short section

assume an idealised case of flat band energy levels. However, this is often not the case due to

34,42

electronic coupling and band bending at the D/A interface, the formation of surface or

72,73

interface dipoles etc. for the organic-organic heterojunction interfaces.® Comprehensive

insights into the processes at the various interfaces can be found in the literature.”*"



1.2 Structural Properties of CuPc

CuPc (chemical formula C;,H;CuNy) is a planar, highly symmetrical small molecule with lateral
dimensions of around 1.4 nm’® as shown in Figure 1-4 (a). They are m-conjugated systems with
electrons delocalised around the aromatic structure. CuPc molecules belong to a class of metal-
organic molecules which possess semiconducting properties.”” Chemical flexibility of this class
of molecules allows tailoring of the physical, electronic and optical properties by altering the
central metal ion or periphery atoms.”® CuPc and other phthalocyanine molecules absorb strongly

in the range of 620 — 720 nm with high extinction coefficient in the range of 10° Lmol'cm™.”

Stacking axis
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Figure 1-4 (a) Chemical structure of a CuPc molecule. The structure consists of carbon atoms (grey), nitrogen atoms
(blue) and a central Cu (red). (b) Geometric illustration of a CuPc column, and (c) a brick-stack arrangement of the
one-dimensional CuPc column as proposed by Hoshino.*® The grey shaded area in (c) represents a 2-dimensional unit
cell.

Therefore these molecules were used as dyes and pigments due to their intense blue colour prior
to the discovery of their semiconducting properties.”® Since then, research into phthalocyanines
has progressed to find applications in optoelectronic devices and field effect transistors to name a

1,27,80-84

few examples. These molecules have great potential in organic semiconductors since they

are low cost, easy to purify and deposit, and are thermally and chemically stable.

CuPc molecules pack cofacially to form a one-dimensional columnar structure as shown in Figure

1-4 (b), held together by intermolecular Van der Waals and n-n interactions. The m-rm orbital
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overlap between adjacent molecules enables electron delocalization along the stacking axis of the
column. There is more than one crystalline form of CuPc (polymorphism), but only the a-
polymorph, which is the most common form for room temperature deposition,* will be discussed
since this is the condition used in this thesis. The most acceptable form of the a-polymorph is that

determined by Hoshino ez al. ****’

which defines a brick-stack arrangement of the CuPc one-
dimensional columns such as that shown in Figure 1-4 (c). The stacking axis is parallel to the
substrate when CuPc is deposited on non-chemically interacting substrates such as ITO, SiO, and
glass,”® concomitantly suggesting that the m-m interaction dominates over the interfacial
interactions. However on substrates such as HOPG" and PTCDA,* the crystal structure is

maintained but the whole brick-stack structure is rotated by nearly 90° so that the stacking axis is

perpendicular to the substrate, similar to the schematic illustrations in Figure 1-2 (b).

1.3 Thesis Overview

While small molecule OPV devices have been researched intensively over the past decade, their
performance is still unable to match that of their inorganic counterparts. Hence, it is of interest to
understand the physical limitations of these devices and to develop strategies to overcome them.
In particular there is an intimate structure-function relationship of planar donor molecules since
the physical properties of the film depend strongly on the degree of orbital overlap between
adjacent molecules. As discussed in Section 1.1.2, light absorption, the exciton diffusion length
and charge mobility may be simultaneously enhanced by controlling the orientation of the
molecules in the donor layer. This can be achieved through the use of a structural template layer.
However, the introduction of a template layer and the change in molecular orientation will alter
the energy levels of the OPV devices. It is therefore beneficial to study the structural and
electronic properties of the donor layer at the anode interface in tandem. This will enable us to
control and tailor the interfacial energetics according to the requirements of the modified donor

layer.
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In this thesis, we focus on understanding the processes at the anode side of a planar
heterojunction OPV device, in particular the energy level alignment at interfaces and structural
properties of the thin film. The materials and experimental investigations are selected to impact
an actual OPV device configuration. We select the widely used CuPc as the planar donor layer
due to its well defined structure-function relationship. The isomorphous nature across planar
phthalocyanines means the results from this thesis can be readily extended to other planar
phthalocyanines. ITO will be used as the anode as it is readily and commercially available, and
also widely used in solar cell devices. Our focus will be on the CuPc/ITO region in a well-studied

OPYV device architecture of aluminium/Bathocuproine (BCP)/Fullerene Cg/CuPc/ITO.

The aim of this thesis is to use a combination of structural templating using graphene, and
simultaneous modification of the work function using F,~-TCNQ, to control both the orientation
and electronic properties of CuPc in an OPV device. We perform step-wise modification of the
CuPc/ITO structure by first focussing on the control of the orientation of CuPc using graphene
transferred onto ITO (G/ITO) in Chapter 3. The associated electronic properties of the samples
are investigated concurrently, especially since we predict unfavourable energy level alignment at
the CuPc-G/ITO interface based on literature data for graphene and CuPc. In Chapter 4, we
address the energy level misfit between CuPc and G/ITO by proposing to use F4;-TCNQ to
increase the substrate work function. It is essential that the work function modifier does not
disrupt the templating property of graphene. Therefore, the work function modification ability of
F4,~-TCNQ and its thin film properties are examined in this chapter to determine its suitability.
Chapter 5 investigates the effect of combining the strategies proposed in Chapters 3 and 4 to
simultaneously control the orientation of CuPc and substrate work function, and to assess the
effectiveness of interface doping of graphene with F,~-TCNQ on CuPc. The electronic, structural
and optical properties of the resulting structure CuPc/F,-TCNQ/G/ITO are investigated. We

finally attempt to fabricate OPV devices based on this structure to understand the limitations of
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our proposed system. The experimental investigation concludes in Chapter 6 with an
investigation and discussion concerning the diffusion of F,-TCNQ through CuPc film. A

summary of the flow and cohesion of the chapters is shown in Figure 1-5.

The key techniques that are employed to study the organic molecule-anode systems are
photoemission spectroscopy (PES), near edge X-ray absorption fine structure measurements
(NEXAFS), and X-ray diffraction (XRD) measurements. NEXAFS and XRD enable us to study
the structural properties of the donor film on ultra-thin and bulk films respectively on ITO and
G/ITO, and to elucidate the efficacy of transferred graphene as structural template. The effects of
physical modification of the anode and structural modifications of CuPc on the electronic
properties are mapped out via PES measurements. OPV devices are fabricated to correlate the
phenomena observed at the microscopic level with macroscale device performance. Finally time-
of-flight secondary ion mass spectrometry (TOF-SIMS) is used to gain an understanding of F,-
TCNQ diffusion as a function of distance from the anode interface, and to determine if diffusion
has a detrimental effect on our proposed system. The working principles of these experimental
techniques will be explained in Chapter 2, followed by a description of the transfer of graphene

onto ITO substrates which will be a key substrate used for all subsequent experiments carried out.

The thesis concludes with a summary of the key findings and proposes areas which can be

explored in more detail or techniques that can be improved.
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Chapter 3:

CuPc / ITO & CuPc / G /ITO

Effect of a graphene
template layer
Electronic properties, in
particular the hole

Chapter 4:

F4-TCNQ Thin Films on ITO

and G/ ITO

Work function
modification of ITO and G

injection barrier, at the . {\/:I?phology -
ITO and G / ITO interfaces orientation of F,-TCNQ

Preliminary solar cell
device characterization

grown on ITO and G / ITO

Chapter 5:
CuPc on F,-TCNQ modified ITO and G / ITO

*  Effectiveness of the graphene template beyond F,-
TCNQ

*  Alteration of CuPc electronic properties on F,-TCNQ
pre-covered substrates

¢ Solar cell device with modified structure

Chapter 6:
Diffusion of F4,~-TCNQ Through CuPc

*  Diffusion profiles of F,-TCNQ into CuPc thin film
deposited on ITO and G / ITO

¢  Co-deposition of F,-TCNQ and CuPc : Uniformity and
quantification of diffusion

Figure 1-5 Flow chart showing the key systems and experimental investigations in each chapter, and cohesion
between the chapters
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Chapter 2 : Experimental Methodology

The different experimental techniques used in this dissertation will be presented in this chapter.
The chapter begins with thin film growth in an organic molecular beam deposition (OMBD)
chamber, followed by several thin film characterization techniques, and finally the chapter

concludes with the preparation of samples.

2.1 The OMBD Growth System

The deposition technique of organic molecular beam deposition (OMBD) is used for the growth
of all the thin films used in this dissertation. In OMBD, organic film growth is attained by
subliming a solid source to produce a molecular beam which impinges on and may interact with a
substrate placed within its path. This process takes place under (ultra) high vacuum (pressure <
107 mbar). Using an OMBD system to grow organic thin films affords a good degree of control
over the deposition parameters, and also reduces airborne contaminants during film deposition
due to the low pressure of the system. The vacuum system is also required to reduce collision
between the molecular beam and residual gas molecules in the chamber. The mean free path of a

gas molecule (Ag,s) is related to the pressure P of the system by:

_ kgT
Agas = Tonar— (2-1)

where kg is the Boltzmann constant, T is the temperature of the gas molecule (Kelvin) and wd2,,,
is the cross section area of molecular collision. Therefore low pressure systems are required to

increase Aq; to obtain a straight and uniform path between the source and the substrate.
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A typical setup of an OMBD system consists of a polished stainless steel chamber, a series of
vacuum pumps (roughing pumps, turbo or cryogenic pumps for high vacuum, ion pumps for
ultra-high vacuum), Knudsen cells consisting of tantalum coils wrapped around ceramic
crucibles, and a sample holder. Some of the components are shown in Figure 2-1. Other
accessories may include resistive or radiative heaters to alter the sample temperature, and sputter
guns for in-situ sample cleaning. A quartz crystal microbalance (QCM) is commonly included to
monitor the growth rate and thickness of the film by measuring the changes in frequency of its
quartz crystal resonator. Powdered source materials are placed in the ceramic crucibles which are
heated by applying a current through tantalum coils around the crucibles. A thermocouple is

attached to the bottom of the crucible to measure the source temperature. The flux of the

OMBD Glovebox

Figure 2-1 (a) Experimental setup of an OMBD system with a glove box. The positions of the sample holder and
organic sources within the OMBD chamber are shown by the dashed boxes marked (b) and (c) respectively. Images of
(b) the sample holder and (c) several sources for organic materials. A QCM is highlighted in (c). Figures (b) and (c) are
obtained from the Kurt J. Lesker website.”
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molecular beam (growth rate) can be controlled by adjusting the temperature of the source. The
well-controlled OMBD environment enables this technique to be used for both ultra-thin film
preparation for surface science experiments, as well as the deposition of thicker films for

macroscopic characterization and even device fabrication.

The OMBD system used for the preparation of our thin films consists of a 10 cm x 10 cm sample
plate which is loaded into a sample holder shown in Figure 2-1 (b), six sources for the deposition
of organic materials [similar to the image in Figure 2-1 (c)] and two metal sources. The
parameters used for the deposition of thin films for this dissertation will be presented in Section

2.3.3.

2.2 Characterization Techniques

In this section, a brief introduction to the working principles of the characterization techniques
used in this thesis will be presented, followed by the experimental details and configurations
employed. The main techniques used are photoemission spectroscopy (PES) including near-edge
X-ray absorption fine structure (NEXAFS), time-of-flight secondary mass ion spectrometry
(TOF-SIMS) and X-ray diffraction (XRD), while secondary characterization techniques include
atomic force microscopy (AFM), secondary electron microscopy (SEM), ultraviolet-visible light

(UV-Vis) absorption spectroscopy and current-voltage (J-V) characterization.

2.2.1 Working Principle of PES Measurements

PES is a powerful technique to determine the electronic properties of samples. Depending on the
energy of the incident radiation, energy levels of atomic core electrons or valence levels can be
studied. For instance, in X-ray photoelectron spectroscopy (XPS), high energy X-ray photons
excite electrons in the core level of atoms, while lower energy ultraviolet photons excite electrons
from shallow valence states near the Fermi level to probe the valence band of solid films in

ultraviolet photoelectron spectroscopy (UPS). The sources of radiation may range from
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monochromatized synchrotron radiation which is capable of delivering tuneable photons in the
range of 50 eV to 1200 eV, noble gas discharges such as helium for UPS (21.2 eV or 40.8 eV) ,
or Mg (1253.6 eV) or Al K, (1486.6 eV) radiation for XPS. All these processes are carried out
under ultra-high vacuum (< 10" mbar) to minimize inelastic scattering of the photoelectrons by

gas molecules while traveling to the analyser.

During PES measurement, the sample is irradiated with a photon beam of a specific energy (4v)
which excites electrons within the sample. If the energy of the incoming photon beam is sufficient
to overcome both the binding energy (BE) and the work function of the sample (¢;), the electrons
can escape from the sample to the vacuum in a process similar to the photoelectric effect.' The
kinetic energy of the ejected electrons is (KE’) and is dependent on the incident photon energy

and the BE of the electron according to the equation below
KE' = hv — BE — ¢, (2-2)

The process is shown schematically on the left hand side in Figure 2-2 (a). However, the kinetic
energy (KE) measured by the analyser may not be equal to KE’ due to the difference in work
functions between the sample and the analyser (¢,) as shown in Figure 2-2 (a). When the sample

and the analyser are in good electrical contact, Equation (2-2) can be rewritten as
BE = hv — KE — ¢, (2-3)

This equation eliminates the need for prior knowledge of ¢, and allows direct comparison of the

BE for the various samples.
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Figure 2-2 (a) Energy level alignment between the sample and analyser when they are in good electrical contact. (b) A
typical UPS spectrum of organic molecular thin films.

For organic thin films, UPS is often used to measure ¢ and the ionization potential (IP) of the
sample. A typical UPS spectrum showing the kinetic energy distribution of photoelectrons for
organic films is shown in Figure 2-2 (b). The secondary electron cutoff (SECO) provides
information about the position of the vacuum level as it corresponds to electrons with minimum
energy required to overcome the ¢s. For samples with ¢ < ¢,, the low KE photoelectrons cannot
be detected by the analyser, thus giving erroneous values of ¢, or IP. Therefore, a small bias of
between -3 V to -10 V is applied to the sample when measuring the SECO in order to facilitate
the detection of low energy electrons and to eliminate influence of the analyser. ¢s can be

determined using the following equation:
¢s = hv — (Ef — KEsgco) (2-4)

The high kinetic energy features in the UPS spectrum correspond to spectroscopic features in the
valence band such as the HOMO, HOMO-+1 etc. The position of the HOMO onset (KEyomo) is
determined by extrapolating the leading slope of the HOMO feature to the background intensity.

The IP of the system is thus determined by
IP = ¢s + (Er — KEnomo) = ¢s + HIB (2-5)
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where HIB is the hole injection barrier as denoted in Figure 2-2 (b).

Due to the higher excitation energies of X-rays, core level electrons of atoms can be excited in
XPS. Using Equation (2-3), the BE of the detected electrons can be determined. Since the BE of
core level electrons are unique and element specific, the associated element from which the
electrons are detected from can be identified. Furthermore, changes in chemical environment,
such as charge transfer or bond formation, can be detected through shifts in BE or the
introduction of new peaks. Finally, the intensity of the detected photoelectrons is proportional to
the concentration and the atomic sensitivity of the element within the area probed, thereby

providing semi-quantitative analysis of the elemental species present.

An advantage of using PES to study surfaces and interfaces is that it can provide surface
sensitivity. For our synchrotron based PES system with a maximum photon energy of up to 1200
eV, the KE of the ejected electrons must be <1200 eV according to Equation (2-2). In this range
of energy, the escape depth of an electron in solid, or its inelastic mean free path, is related to its
KE as shown in the universal curve’ in Figure 2-3. When the KE of electrons are in the range of
30 to 100 eV, the escape depth is very short (of the order of a few monolayers or angstroms),

indicating that PES probes only the photoelectron from the top few layers of the sample.

Using the attenuation of the substrate signal, the nominal thickness of the molecular film
deposited on the substrate can be deduced. Assuming a simple case of layer-by-layer growth

mode,

_a
AIMFP COSY

Iq = Ioexp(= ) (2-6)

where 1, is the intensity of the photoelectron after deposition of a film of thickness d, I, is the
photoelectron intensity of the bare substrate, y is the angle between the analyser and substrate

normal. App (in nm) is the inelastic mean free path of electrons in the molecular film and is

26



related to the KE of the detected electron and density of the film (p) (in g/cm’) according to the

. . 2
equation for organic molecules:

49KE~240.11 KE®S
Aimrp = P) 2-7)
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Figure 2-3 ‘Universal curve’ showing the typical electron escape depth (attenuation length) in monolayers as a
function of the electron kinetic energy. Reproduced from Reference [2].

2.2.2 NEXAFS Measurements

The underlying principle behind NEXAFS is similar to the photoemission process. However,
while PES measurements probe electrons ejected from occupied states to the vacuum (free
electron state) where they are directly detected, NEXAFS measurements involve the transitions of
photoexcited electrons from a core level to an unoccupied state’. The energy of the primary
photoelectron itself is not detected in NEXAFS. In addition, during NEXAFS measurements, the
photon energy is scanned over the range of transitions from the core level to the unoccupied
molecular orbitals near the transition edge (between 10 — 50 eV), while PES utilizes fixed photon
beam energy within a measurement. NEXAFS monitors resonant electronic transitions from the
inner shell of specific atomic species (eg. C Is, O 1s or N 1s) to unoccupied molecular orbitals or

states (eg. to m* and o* orbitals) governed by dipole selection rule. It is generally accepted that
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the resonant intensity is enhanced when the electric field vector E of synchrotron light

polarization is parallel to the direction of the molecular orbital, and the intensity of the resonance

is suppressed when Eis perpendicular to the orbital direction. For planar n-conjugated molecules
such as PTCDA, the 6* and ©* orbitals are orthogonal to each other, being respectively polarised
parallel or normal to the molecular plane. Therefore, the molecular orientation within a layer can
easily be derived from the relationship between the resonant intensities and incident angle of

light.* Synchrotron radiation, with its highly polarized beam, and the ability to vary the energy of
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Figure 2-4 Polarization dependent NEXAFS spectra showing the ability of this technique to differentiate different
orientations of the chemical bonds. For a molecule lying flat on a substrate, the 6* transitions are maximized at
normal incidence to the substrate (6 = 90°) (a), while n* transitions are maximised at grazing incidence (0 = 20°)

(b).
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the incident photon energy is used as the excitation source in NEXAFS measurements.

Figure 2-4 (a) and (b) show an example of NEXAFS N K-edge performed on planar aromatic
molecules containing nitrogen (e.g. CuPc) which are almost lying flat on the substrate. As shown
in the schematic drawings in Figure 2-4 (a) and (b), when the molecules are lying flat on the
substrate, the o* orbitals are in-plane or parallel to the substrate surface, while the ©* orbitals are
out-of-plane. When the varying incident photon energy is sufficient to cause photo-excitation
from the C 1s core level to the unoccupied o* or m* anti-bonding orbitals, a core hole is formed in
the C 1s state. The core hole is then filled by an electron from a higher energy state either
radiatively through the emission of fluorescent photons, or non-radiatively through the
subsequent ejection of an Auger electron. The detection of the electron flux from a particular
Auger process as a function of the incident photon energy is termed Auger electron yield mode
(AEY). This mode has excellent surface sensitivity as only elastically scattered Auger electrons
from the surface of the sample are recorded. There are other modes such as fluorescence yield
mode which does not require conductive sample but have low yield; total electron yield (TEY)
mode that has high signal-to-noise ratio but is not as surface sensitive etc. For probing the

changes in orientation at the top few monolayers, AEY is the preferred mode.

Figure 2-4 (b) and (c) exemplify the angle dependence resonant transitions on the incident beam
at normal incidence (0 = 90°) and grazing incidence (0 = 20°) respectively. The tilt angle between
the molecular plane and the substrate plane (o) is related to the intensity, I, of the resonant

transition at 0 incident angle by the equation
1(8) x 1 +%(3 cos?0 —1)(3cos?a —1) (2-8)

Therefore, by conducting NEXAFS measurements at two or more angles, the orientations of anti-
bonding orbitals and thus the molecular orientation of the absorbed molecules with respect to the

substrate can be determined.’
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2.2.2.1 Experimental

All PES and NEXAFS experiments were carried out at the Surface, Interface and Nanostructure
Science (SINS) beamline of the Singapore Synchrotron Light Source (SSLS).” Two UPS
experiments in Chapter 5 were carried out using He I (21.2 eV) excitation source in a separate
custom built UPS chamber. The SINS beamline has a fixed endstation which consists of a
preparation chamber for molecular deposition, connected to an analysis chamber where PES and
NEXAFS measurements are performed via a gatevalve. Synchrotron radiation in the range of 50
eV to 1200 eV is available for surface science measurement at the SINS beamline. The photon
energy for each experiment is calibrated using Au 4f;, core level binding energy (84.4 eV) of a
sputtered gold foil which is electrically connected to the sample holder. The BE of all the PES
spectra are therefore referenced to the Fermi level of the gold foil. The total incident photon flux
of the monochromated beam is measured by a Keithley at the gold coated re-focussing mirror
placed in the path of the incoming beam, and is used to normalise the intensities of all the
collected spectra. A VG Scienta hemispherical electron analyser detects the KE of the
photoelectrons. The energy resolution for PES is 0.05 eV while that for NEXAFS is 0.3 eV. The
base pressure in the analysis chamber is 1 x 10™"° mbar. Figure 2-5 describes a typical PES setup
and also shows the relevant components in the analysis chamber used in PES and NEXAFS

measurements.
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Figure 2-5 Schematic drawing showing a typical PES experimental setup, specifically for XPS in this example. For
UPS, the incident beam is changed to ultraviolet light. Reproduced from Reference [28]

All the thin films that were prepared for PES and NEXAFS measurements were grown and
measured in-situ. Detailed growth parameters are presented in Section 2.3.3. The chemically
cleaned substrates were degassed for about one hour in the vacuum chamber using resistive
heating prior to measurement and film growth. The photon energy used for UPS valence band and
SECO measurements at the SINS beamline is 60 eV, while the C 1s core level spectra were
obtained using 350 eV incident photon energy. A -7 V sample bias is applied during SECO
measurements. For UPS measurements using He I source, the excitation energy is 21.2 eV and a -
5 V bias is applied for SECO measurements. During NEXAFS N K-edge measurements, the
photon energy is scanned over 40 eV from 390 eV to 430 eV. Angle-dependent NEXAFS
measurements were carried out at © = 90° (normal incidence) where the incident beam is
perpendicular to the substrate surface, and 0 = 20° (grazing incidence). All the spectra were

analysed using IGORPro software.

2.2.3 Time-of-Flight Secondary Ion Mass Spectrometry Working Principles

Secondary ion mass spectroscopy (SIMS) is a technique used to analyse the chemical
composition of samples by bombarding the sample with a high energy focused primary ion beam,

and collecting the emitted secondary ions. Information regarding the chemical composition of the

31



target can be obtained from the resulting mass spectrum. Since the surface layers are sputtered
away during primary ion bombardment, the variation of chemical composition with depth can
also be determined. The sputtering process by the primary ion beam leads to the emission of a
variety of particles ranging from electrons, neutral species of atoms and molecules, to ionized
atomic and molecular fragments. Only the ionized fragments are detected and measured by the

mass spectrometers.

SIMS measurements which use a time-of-flight (TOF) mass analyser, or TOF-SIMS, form mass
spectra of secondary ions from the target during a single incident ion pulsed beam. Upon sample
bombardment with the primary ion beam, the resulting ionized particles emitted from the surface
are accelerated through an applied electric field into a TOF-SIMS mass analyser. The equation
that relates the time-of-flight, t, to the mass to charge ratio (m/e) of each secondary ion fragment

is given by

t= (%) \/% (2-9)

where L is the length of the TOF analyser column and U is the applied voltage within the
analyser. Since the term in the parenthesis depends only on the experimental setup, mass
spectrometers separate ions according to their % ratio, or flight time to the detector. The pulsed
primary ion beam on the target generates the full mass spectrum of the surface; however the yield
per pulsed beam is low. Therefore, secondary ions from several pulses are accumulated to
generate a mass spectrum. The main advantages of using TOF-SIMS mass analyser compared to
the traditional hemispherical magnetic sector and quadrupole analysers is the high mass

resolution and parallel detection of all ions.*

Secondary ion mass spectrometry can be carried out in two modes: Static SIMS in which the

primary ion beam interacts with and ionizes only the top few layers of the samples, and dynamic
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SIMS which sputters material away, forming a crater in the sample. For surface mass
spectrometry, static SIMS is carried out. Low primary ion beam doses are used (<10" jons/cm?)
to ensure that less than 1% of the analysis area is irradiated by the ion beam and no significant
surface erosion occurs. During dynamic SIMS, a sputter ion beam erodes the sample, forming a
sputter crater. The intensity of the ionized species of interest can be plotted as a function of crater
depth to obtain a depth profile. The sputter beam is operated at low energies to enhance depth

resolution and minimise ion beam induced mixing of the sample.

2.2.3.1 Experimental

All the TOF-SIMS investigations were carried out in an Ion-ToF TOF-SIMS V. The base
pressure of the system was 10" mbar. A schematic drawing of the setup showing the main layout
of the instrument is shown in Figure 2-6 (a). An electron flood gun which is used for charge
compensation is not shown in the schematic. Separate ion guns for sputtering and analysis enable
the system to be operated in dual-beam mode. To erode the surface for depth profiling, caesium

(Cs) and oxygen sources are available, and are used to enhance electronegative and
a) b)
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Figure 2-6 Schematics showing (a) the main instrumental layout, and (b) the timescales of the analysis and sputter
guns, and the detection of the secondary ions in dual-beam interlace mode. Reproduced from Reference [27].

electropositive ions respectively. The energy of the sputter beam can vary from 0.25 — 10 keV

and the beam spot size of the order of several um. Bismuth ions (Bi;") are used as the analysis
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beam due to the high secondary ion yield for organic materials.'” The spot size is several hundred

nanometers, and the current applied may range from 0.1 pA to 25 nA.

The TOF analyser column is located vertically above the target sample and has a total drift length
of 2 m. Secondary ions emitted from the sample are accelerated towards the analyser by applying
an extracting voltage between the sample and the analyser. The accelerating voltage applied
within the analyser is 2 kV. The mass resolution m/Am is approximately 6000 which is sufficient

for our analysis.

When TOF-SIMS measurements are carried out in dual beam interlaced mode, the analysis and
sputter beams are pulsed separately with different durations and at different times. An example of
the timescales of the analysis and sputter beams is shown schematically in Figure 2-6 (b). This is
performed to ensure that only secondary ions generated by the analysis beam are detected to
preserve surface sensitivity of the detected ions. The primary analysis beam pulse is extremely
short with duration of less than 1 ns to ensure that all the secondary ions are sputtered within a
very short time interval. This ensures that the spectral resolution, which depends on the spread of
time At over which the secondary ions are generated and detected, is not degraded. During the
pulse of the analysis beam and up to 10 ps after, a voltage is applied between the analyser and the
sample to extract the secondary ions. As the secondary ions move towards the analyser column,
the extraction voltage is turned off. An opposite bias may be applied, or beam blanking may be

used, to prevent secondary ions from the subsequent sample erosion from entering the analyser.

The sputter gun is subsequently turned on to erode the surface, creating a crater in the process.
During this cycle, the electron flood gun may simultaneously be turned on to compensate for
sample charging which may deflect the low energy primary ion beams. The erosion area is larger
than the analysis area to ensure that secondary ions are ejected from the same uniform depth, and

the sloping edge of the crater does not interfere with the analysis.
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In our TOF-SIMS experiments, negative ions were detected and analysed. The samples were
bombarded with a 1 keV Cs” primary ion beam with a pulsed current of 75 nA, interlaced with a
Bi;" analysis beam at ~1 pA. For each analysis, the sputter beam scanned an area of 400 um x
400 um while the analysis beam was centred in the crater with a size of 100 pm x 100 um. The
sputter time within the organic layer was converted to crater depth by considering the point at
which the intensity of one of the stable fragments (CH’) decreased to half its value compared to

that within the thickness of the film.

2.2.4 X-ray Diffraction

X-ray diffraction (XRD) is a technique that is used to study crystallographic structures of
materials. This technique is non-destructive and no special sample preparation is required before
measurement. Monochromatic, collimated X-rays are directed onto a sample at an angle 0 as
shown in Figure 2-7. The X-rays are diffracted and scattered by the periodic arrangement of
atoms and molecules in a crystal structure. Depending on the phase of the scattered X-rays, they
may interfere destructively (out-of-phase) or constructively (in-phase). Constructive interference
occurs when the optical path difference between parallel beams of rays is an integer multiple of
the X-ray wavelength A. For a crystal with interplanar spacing of d such as that shown

schematically in Figure 2-7, constructive interference occurs when the equation
2dsind=nA (2-10)
is satisfied. This is also known as Bragg’s law.

The width of the diffraction peak in an XRD spectrum can be used to determine the average grain
size, t, perpendicular to the substrate according to Scherrer’s equation.'’ The equation takes the

form of

kA
" Bcos@

2-11)
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where A is the wavelength of the of the X-ray, B is the full width at half maximum (FWHM) of
the diffraction peak (in radians), 0 is the Bragg angle and k is a constant depending on the shape
of the grains. The value of k is close to unity but can vary by 20%.'? In this thesis, k is assumed to

be 1 and an error of 20% is included.

@ 6 o o o o

Figure 2-7 A schematic drawing showing X-ray diffraction from a crystal lattice. The X-ray beam is depicted as the
black solid lines and forms an angle 6 with the sample. The blue circles are scattering centres and the interplanar
lattice spacing is d.

A unit cell is the simplest repeating unit of atoms, molecules or motifs that is used to construct a
crystal when it is arranged spatially in three dimensions. It is defined by three vectors a, b and c
in real space, and a*, b* and c* respectively in reciprocal space. The planes in a unit cell can be
described by a set of integers h, k and 1 which is referred to as Miller indices. Crystallographic
planes are represented as (h k 1), while [h k I] refers to a direction perpendicular to the (h k 1)

plane. These notations will be used to describe the planes in our thin film crystals.

2.2.4.1 Experimental

All XRD measurements were carried out in ambient conditions using a Panalytical X Pert PRO
MPD X-Ray diffractometer with a Cu Ka X-ray source (A = 1.54 A). XRD scans were operated
in symmetrical 0-20 mode with a step size of 0.33° and in the range of 20 = 5° to 30°. The

substrate signal was subtracted prior to the presentation of the data.
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2.2.5 Atomic Force Microscopy

Atomic force microscopy (AFM) provides three-dimensional topography information by using a
very sharp tip attached to a cantilever to scan the surface of the sample being analysed. AFM
measurements may be performed on a variety of substrates without the need for additional special
treatments (such as metal coating of the sample) that may irreversibly alter the sample. This
technique may be performed in ambient or under ultra-high vacuum. The basic AFM setup is
shown schematically in Figure 2-8. A laser beam is directed onto the back of a cantilever which is
in turn attached to a piezoelectric scanner. The position of the deflected beam is detected by

photodiodes. Weak interactions between the sample and tip change the position of the deflected

Feedback Loop

Photodetector

Piezoelectric
scanner

Sample
Figure 2-8 Schematic drawing of a basic AFM setup.
beam on the photodiodes. A feedback mechanism adjusts the position of the cantilever to
maintain the tip-to-sample distance, or the amplitude of oscillations of the tip, depending on the

mode it is operated in.

AFM can operate in contact or tapping mode. In the former, the tip is ‘dragged’ across the scan
area of the sample and the deflection of the cantilever, or the feedback signal require to maintain
a constant tip-sample distance, is recorded to map out the contours of the surface. This technique
might damage fragile samples due to the close contact between the tip and sample. Tapping mode

is more commonly used for soft organic and biological samples as it contacts the sample
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intermittently and thus causes less sample damage. In this mode of operation, the cantilever
oscillates close to its resonance frequency. When the tip approaches the sample during
oscillations, forces such as Van der Waals interaction and electrostatic forces alters the amplitude
of the oscillation. A feedback signal adjusts the height of the tip above the sample to maintain a

constant oscillation amplitude. The feedback signal maps out the topography of the surface.

2.2.5.1 Experimental

AFM images were obtained in ambient conditions from a Veeco Dimension 3100 AFM. All the
measurements were performed in tapping mode using Silicon tips with 8 nm radius and Al back
coating on the cantilever from MikroMasch (NSC15/ Al BS). The resonant frequency of the

cantilever was ~325 Hz.

2.2.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique to image the surface morphology (and
indirectly composition) of samples. Electrons are generated at the top of an electron gun and
accelerated towards the sample with high energy between 1 — 30 keV. The beam is focused onto
the sample by using a series of electromagnetic lenses. Scanning coils raster the electron beam in
two dimensions across the sample surface. The interaction of the high energy primary electron
beam with the sample induces the emission of secondary electron from the surface. Backscattered
electrons and X-rays may also be produced during the process. Depending on the signals
detected, information regarding surface morphology, chemical composition, and electrical

conductivity of the sample can be determined.

For sample imaging, secondary electrons are most commonly detected to form an image as they
are most sensitive to topography. Secondary electrons originate from the near surface region, thus
providing surface sensitive information, and are also very abundant which gives rise to high

signal level.”> A small positive bias is applied around the detector to enhance the detection of low
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kinetic energy secondary electrons. The sample has to be conductive, or sample charging, which

may distort the morphology of surface features, may occur.

2.2.6.1 Experimental

A LEO GEMINI 1525 FEG-SEM, which uses a field emission gun to generate electrons, is used
in this dissertation for the investigation of surface morphology. The system operates at high
vacuum of 10~ mbar. The images are formed by collecting the secondary electrons using an in-
lens detector. An operating voltage of 5 kV was used for all investigations. Chromium coating of
approximately 15 A were deposited on all the substrate before measurement to minimize sample

charging.

2.2.7 Ultraviolet-Visible Spectroscopy

In ultraviolet (UV) (280 — 400 nm) and visible (Vis) light (400 — 700 nm) spectroscopy
(collectively abbreviated UV-Vis), the incident radiation may be absorbed by molecules, resulting
in electronic transitions from a ground state to an unoccupied state. Organic materials such as

phthalocyanines absorb radiation in the UV-Vis range."

A typical UV-Vis spectrometer has a dual-beam system consisting of a UV light source
(deuterium lamp) and a visible tungsten or tungsten / halogen lamp. The beam of light passes then
through a monochromator and is split into two parallel beams. One beam passes through the
sample to be measured, while the other through a reference sample. The intensity of the
transmitted beam through the reference (I,) and the sample (I) are detected by separate photo-

detectors. The absorbance of radiation by the sample is defined by the equation'
A =log;™ (2-12)

The intensity of the absorbance spectra is related to the concentration of substance present in the

sample through the Beer-Lambert law. This law relates the absorbance of light at a given
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wavelength to the concentration, c, of the absorbing species, the optical path length b, and the
molar extinction coefficient €. The equation for solutes in a non-interacting solvent is expressed

as

A = ebc (2-13)

For thin films deposited on transparent materials, Equation (2-13) is slightly modified such that
the absorbance of the molecular thin film is related to the thickness of the film (L) and the

absorption coefficient of the material () via the equation

A=yL (2-14)

2.2.7.1 Experimental

The absorption spectrum of thin films and solutions used in this thesis were obtained from UV-
Vis spectroscopy performed using a Perkin Elmer Lambda 25 UV/VIS spectrometer. The
absorbance spectra were recorded from 300 nm to 1000 nm. CuPc thin films and graphene
transferred onto ITO were measured as-deposited, while F4,~-TCNQ molecules and films were
dissolved in dichloromethane and measured in a quartz cuvette which has an optical path length

of 1 cm.

2.2.8 Current-Voltage Characterization

The current-voltage (J-V) relationship of OPV devices measures the output current of solar cells
as a function of the external applied voltage. From this, the power and efficiency of the solar cell
can be extracted. The two main parameters that are of interest are the open circuit voltage (V)
and the short circuit current density (Ji) (short circuit current is denoted as I;). A schematic
drawing showing a J-V response curve for solar cells is presented in Figure 2-9. V,. is measured
at the point when the drift current, Iz, which is due to the overall electric field in the solar cell

(external applied field and internal electric field), is balanced by the diffusion current, I, which is
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due to the chemical potential difference. J;. is the current density measured in the absence of an

external field as shown in Figure 2-9.

The fill factor, FF, which is a measure of how ‘square’ the shaded region in Figure 2-9 is, is given

by the equation

FF=—"tm_ (2-15)
Voc X Jsc

B LU I LI L L UL I LI L i
e [ 1
= [ i
< B o
£ = |
a o -
2 B i
N V, _

8 0 oc
= B N
9 - -
5 C i
O N at
- Jsc .
B 11 1 1 l 11 1 1 11 1 1 l 111 1 7]

0
Voltage (V)

Figure 2-9 A typical J-V response curve for a solar cell device under illumination. J. is measured the external
voltage is 0 V; V. corresponds to the point where the drift current in a solar cell is balanced by the diffusion
current.

where P, is the is the maximum power density in the OPV device. The power conversion

efficiency n is the ratio between P, and Py, the input power density.

Pm VOC]SCFF
p =gt = Jeclee T (2-16)
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2.2.8.1 Experimental

Device efficiencies and J-V characterization in this thesis were measured using a Keithley Source
meter. The solar cells were illuminated using a 300 W xenon arc lamp solar simulator. The
illumination intensity was 100 mW/cm® at 1 sun AM 1.5 as calibrated with a silicon photodiode.

The voltage was typically varied from -1 V to 1 V and the solar cell device area was 0.12 cm®. All
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Figure 2-10 (a) Top view of the solar cell device chamber used in the experiment. (b) The solar cell device
chamber is interfaced with a switch box that allows for independent measurement up to six solar cell devices
fabricated on a single substrate.

the measurements were performed immediately after device fabrication. The solar cells were
measured in a nitrogen environment in a custom made solar cell measurement chamber [Figure
2-10 (a)]. All the samples were loaded into the measurement chamber in a glove box to minimize
exposure to oxygen and moisture. The solar cell chamber is interfaced to a switch box [Figure
2-10 (b)] which allows for independent measurement of up to six solar cell devices fabricated on

a single substrate. All the devices were measured under illumination and in the dark.
2.3 Sample Preparation

2.3.1 Sample Cleaning

Commercially available silicon oxide <1 0 0> (SiO,) [Virginia semiconductor] and indium tin

oxide 100 nm thick deposited on glass (referred to as ‘ITO’ henceforth) (Psiotec) substrates were
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cleaned by sequential sonication twice each in fresh acetone and isopropyl alcohol (IPA) for a
duration of 20 minutes for each step, and dried with compressed air. The substrates that were used
for graphene transfer were additionally exposed to UV-ozone plasma for 5 minutes immediate
after they were dried in order to make the surface hydrophilic for ease of transferring graphene
from deionized water to the surface, and in ‘spreading’ graphene out uniformly on the surface'
(details are found in the next section). Graphene is transferred onto the clean substrate within 10
minutes of UV-ozone exposure. Predominantly monolayer graphene on copper foil (G/Cu)

(Graphene Supermarket) were cut to the desired size and used as-received.

2.3.2 Transfer of Graphene to ITO

Graphene was transferred to SiO, and ITO via a wet transfer technique using
polymethylmethacrylate (PMMA) as a support for graphene. This technique is described in detail
in References ['7 & '*]. As-grown graphene on Cu foil was cut into squares of at least 10 mm x 10
mm and spin coated with PMMA (Microchem, 950k, 4% by volume dissolved in anisole) at 3000
rpm and cured on a hot plate at 180 °C for 2 minutes to remove the solvent and to allow PMMA
to harden. Graphene grown on the side of Cu foil not protected by PMMA was removed using O,
plasma at 60 W for 2 minutes as it tends to interfere with the transfer process.'®'” The edges of
the PMMA/G/Cu samples were trimmed down by about 1 mm each before floating the stack in in
0.05 M ammonia persulfate (Sigma Aldrich, ACS reagent, >98% purity) to etch the Cu foil. The
remaining PMMA/graphene was floated in three cycles of deionized water for 20 minutes each to
remove residual ammonia persulfate before transferring it to the UV-ozone treated SiO, or ITO
substrates. The ozone treatment is required as the intrinsically hydrophobic surfaces of SiO, and
ITO before UV-ozone treatment cause the thin film of water under the PMMA/graphene stack to
coalesce and drag graphene along with it in the process, resulting in crumpling of graphene. The
sample was dried slowly at room temperature for 30 minutes before baking on a hotplate at 120

°C for 30 minutes to remove any excess liquid. After cooling to room temperature, a few drops of
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anisole (FCC, >98% purity, Sigma Aldrich) were placed on the PMMA surface for 5 minutes to
solubilize PMMA before exposing the sample to acetone vapour for 1 hour and subsequently
immersing it in a clean beaker of acetone overnight to remove PMMA. The sample was then
removed from acetone and submerged in IPA for 2 minutes before being carefully blown dry with
purified nitrogen gas. The resulting graphene samples transferred onto ITO were ~ 8 mm x 8§ mm

in size, which covers the width of the exposed ITO on the ITO/glass substrate.

2.3.2.1 Characterization of Graphene Films

As-grown and transferred graphene films were characterized using Raman spectroscopy and
SEM. For graphene transferred onto ITO (G/ITO) which will be one of the main samples used in
the subsequent experiments in Chapters 3 to 6, AFM imaging was further carried out to identify

the topography of the substrates. The characterization of G/Si can be found in Appendix A.

Raman spectroscopy is a non-contact and non-destructive technique routinely used to probe the
quality of the as-grown or transferred graphene.”” There are two peaks associate with pristine
graphene, the 2D peak at ~2680 cm™ and G peak at 1580 cm™; an additional D peak at ~ 1350
cm’ associated with defects in graphene such as dislocation, cracks and vacancies.”* ** Raman
measurements were performed at room temperature and pressure using a Renishaw spectrometer
system using a 514 nm laser as the excitation source. The laser power was kept below 0.5 mW to
prevent laser-induced damage of the sample. A 50x objective lens was used to image the sample
and also focus the probe in the Raman experiment. Raman data was collected with the WIRE2.0
software and processed using IGORPro software. Figure 2-11 shows the typical Raman spectra
for as-received G/Cu (top) and transferred G/ITO (bottom). Both G/Cu and G/ITO spectra show
the typical 2D and G peaks of graphene located at around 2680 cm™ and 1585 cm™ respectively.
The FWHM of the symmetrical 2D peaks in both spectra is around 40 cm™, and the ratios of the

peak intensities of G:2D is between 0.4 — 0.5, suggesting that the samples consist of
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Figure 2-11 Average Raman spectrum of as-received G/Cu foil (top) and transferred G/ITO (bottom) after

subtracting their baseline, using 514 nm laser excitation. The characteristic 2D and G peaks of graphene, and the

defect induced D peak are shown. The peak at ~2330 cm™ in the top spectrum comes from the Raman mode of N,
26

gas.

predominantly mono- to bi- layer graphene™?*. The D peak at ~1347 cm™ in both spectra
indicates that the as-received and transferred graphene sheet contain defects. Using the intensity
ratio of the D:G peak,” the density of defect is estimated to be 4.5 x 10'° cm™ for G/Cu and 7.7 x
10" cm™ for G/ITO. The increase in defect density by over 50% for the latter sample as compared
to the former suggests that the transfer process introduces additional defects in the graphene
sheet.

SEM is used to visualize the quality of G/Cu and G/ITO in order to determine the coverage of
defects (wrinkles, residues, tears, holes etc.) which may hamper the templating of the subsequent
organic molecules.” Figure 2-12 (a) shows the SEM image of G/Cu, and reveals that the
graphene sheet is not continuous over the whole Cu foil surface. The absence of graphene is seen
from the brighter areas in the image, in which the underlying Cu substrate is revealed. The
absence of graphene represents not more than 5% of the whole image. Figure 2-12 (b) and (c)
show the SEM images of G/ITO at two areas close to the centre of the graphene sheet, revealing

residues and wrinkles in the former image, and tears and/or holes in the graphene sheet in the

45



Figure 2-12 SEM images of (a) G/Cu (x5000 magnification), and (b) and (c) G/ITO at two different areas (x3000
magnification). (a) Bright contrast areas and spots correspond to holes in the as-grown graphene and residues
respectively; (b) bright streaks and spots correspond to wrinkles and residues respectively; (c) brighter areas are due to
tears in the graphene sheet, thus revealing the underlying substrate. Scale bars are 5 um for all the images.

latter. The tears in graphene cover ~15% in Figure 2-12 (c). These images clearly show that the
graphene transfer process introduces defects such as wrinkles, residues, and a higher percentage
of tears. The fraction of defects may vary between samples and with the location of the graphene
sheet imaged. The effects of these imperfections and unreliable coverage of graphene on the
templating of organic molecules and device performance will be investigated in detail in Chapters
3 and 5. The topographies of ITO and G/ITO are shown in the AFM images in Figure 2-13 (a)
and (b) for ITO and (c) for G/ITO respectively. Figure 2-13 (b) which is a 3-dimesional view of
ITO surface shown in Figure 2-13 (a) reveals that the surface is extremely rough with height
variations up to 30 nm. This poses a problem for the wet transfer of graphene as described in the
Section 2.3.2 since water is trapped between the PMMA supported graphene and the substrate
after graphene is lifted out of the deionized water. When water evaporates rapidly upon heating, it
might cause the impermeable PMMA/graphene stack to tear; therefore it is important to allow the
sample to dry slowly at room temperature. Figure 2-13 (c) shows the AFM image of G/ITO
substrate with the middle area devoid of graphene, which may have been torn during the transfer
process or might be due to incomplete growth of graphene on Cu foil [Figure 2-12 (a) and (¢)].
Graphene masks the distinct grains of the underlying substrate but does not form a smooth and
uniform layer on ITO. Instead it appears crumpled and its topography is mediated by the variation

in grain heights of ITO. Therefore, while the local RMS roughness of the substrate decreases
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Figure 2-13 1 pum x 1 um AFM images of (a) bare ITO in plane view and (b) 3-dimensional view, and (c¢) G/ITO
with the central area devoid of graphene to show the contrast in surface features. (d) Line profiles of the solid and
dashed line in (c) indicate that while the variation in z-height is similar on G/ITO and ITO, the surface features
become indistinct. RMS surface roughness is (a) 5.0 nm, and (c) 4.0 nm excluding the bright feature and the
uncovered region.

from 5.0 nm for ITO to 4.0 nm for G/ITO (the latter is less undulating), both surfaces have

similar height variations as seen from the corresponding line scans in Figure 2-13 (c) and (d).

2.3.3 Thin Film Deposition

Clean substrates of ITO and G/ITO were loaded into the OMBD chamber immediately after
preparation. Organic molecules were deposited on the various substrates via thermal evaporation
from separate Knudsen cells in an OMBD system with base pressure of better than 107 mbar. All
the depositions were performed at room temperature. The organic molecules used in this
dissertation are CuPc (Sigma-Aldrich, twice purified using gradient sublimation), 2,3,5,6-

Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F;~-TCNQ) (Nichem, 99% purity), Fullerene Cg
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(Alfa Aesar, 99% purity), Bathocuproine (BCP) (Sigma-Aldrich, 96% purity) and Perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA) (Sigma-Aldrich, 97% purity), while metal
aluminium pellets (Sigma-Aldrich, >99.99% purity) were used for solar cell devices. The organic
sources were degassed for an hour prior to deposition. The growth rates and deposition
temperatures for the various organic molecules used in this dissertation are tabulated in Table 2-1
(unless otherwise stated within the text). Several samples were prepared within a single growth to
ensure repeatability of results and to allow for direct comparison between substrates under

identical growth conditions.

For in-situ PES and NEXAFS measurements of film growth on ITO, the growth rates and
nominal film thicknesses were calculated by following the attenuation of the In 3ds, signal using
Equations (2-6) and (2-7). For all other films, the deposition rates were monitored by QCM that
are placed in the path of the beam but not obstructing the sample holder. A tooling factor is used
to correct for the geometric offset between the locations of the QCM and sample holder. All the
materials except for F,-TCNQ have been calibrated prior to thin film deposition in this
dissertation; the thickness calibration of F,~-TCNQ will be addressed in Chapter 4. The error in
determining the thickness of the film is approximately 5%. The samples were stored in a glove
box before characterization, with the exception of organic solar cells and thin films for PES and

NEXAFS measurements which were measured immediately after deposition.

48



Growth Rate / Deposition
As1 Temperature /°C

F,- TCNQ 0.02 90 For ultra-thin film PES
and NEXAFS

CuPc 0.04 295 measurement
F,-TCNQ 0.02 90

CuPc 1 350

PTCDA
. Lt For films 2 30nm and
BCP 1 165 solar cell devices
Ce0 1 490
Al 0.2/0.5 =

Table 2-1 Growth rates and deposition temperatures of the various materials used in this thesis. The growth rate of Al
was 0.2 A/s for the first 20 nm deposited directly on the organic materials to minimize sample damage by the hot Al
molecules, but increased to 0.5 A/s for the next 80 nm.
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Chapter 3 : Controlling the Molecular Orientation of CuPc

Using Graphene Interlayer on ITO

3.1 Introduction

The importance of the molecular orientation in the active layer of OPV devices has been
discussed in Chapter 1. For planar heterojunction OPV devices, vertical n-m stacking of the
aromatic molecules is highly desirable. One of the methods to control the molecular orientation is

to use a structural template layer.

In this experiment, we use CVD graphene transferred onto ITO as the interface template layer due
to its excellent optical transparency' and its similarity in work function®® with ITO.*> The
advantages of choosing graphene over the well-studied PTCDA structural template layer has been
detailed in Section 1.1.2. Briefly, the similarity in work functions between graphene and ITO
suggests that there may not be additional barriers for hole extraction at the interface due to the
inclusion of graphene on ITO, while the high optical transparency of graphene minimizes light
attenuation through the templating layer in an OPV device. In contrast, the PTCDA layer traps
charge at the interface due to the 1.5 eV HIB, thus lowering the open circuit voltage in organic
solar cells, and the optical absorption of PTCDA (~20%) overlaps with CuPc.’® Finally,
conductive graphene itself can be used as a flexible electrode in OPV (on a non-conducting
flexible support) without the ITO layer.”'® While this is beyond the scope of this thesis, the
investigations concerning the structural and electronic properties of organic films deposited on
G/ITO in this thesis have the potential to be extrapolated for commercial applications in flexible

electronics using only graphene as the anode.

A hole injection barrier (HIB) between CuPc and ITO of up to 1 eV has been reported."’ For
organic semiconductor devices utilizing ITO as a transparent electrode, the magnitude of the HIB
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can affect charge accumulation or injection.'””" This implies that both ITO and the graphene
interlayer require work function modification in order to attain near ohmic contact with the
HOMO of CuPc for efficient charge extraction. While a