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I believe in intuition and inspiration. Imagination is more important than knowledge. For
knowledge is limited, whereas imagination embraces the entire world, stimulating progress,

giving birth to evolution. It is, strictly speaking, a real factor in scientific research.

Albert Einstein
The Saturday Evening Post
October 26, 1929






Abstract

In this thesis, high resolution noncontact atomic force microscopy (NC-AFM) and
Kelvin probe force microscopy (KPFM), under ultrahigh vacuum, has been applied
to investigate the structure and electronic surface properties of model organic materials

and photovoltaic devices at the nanoscale.

In the first experimental chapter, surface photovoltage measurements of nanoscale phase
segregated P3BHT:PCBM blends were resolved at the true nanometer scale using ampli-
tude modulation KPFM (AM-KPFM).

Next, model self-assembled 7-conjugated oligomers have been investigated, in order
to obtain a deeper insight into the nature of the tip-surface interactions involved in
KPFM. A crossover between the long-range (LR) and short-range (SR) electrostatic
force regimes is observed by combining high resolution KPFM and damping spec-
troscopy. The influence of the LR forces is minimized by working at the onset of the

damping.

Finally, using the same procedure, a multitechnique interdisciplinary investigation, us-
ing KPFM and ultraviolet photoelectron spectroscopy, was performed in order to char-
acterize the work function of flexible transparent electrodes, based on functionalized

carbon nanotubes using metallic nanoparticles.



Résumé

La nanostructure et les propriétés électroniques de matériaux modeles pour le pho-
tovoltaique organique, ont été étudiées en utilisant la Microscopie a Force Atomique
en mode non contact sous ultra-vide (NC-AFM) et la Microscopie a sonde de Kelvin
(KPFM).

En utilisant le mode modulation d’amplitude (AM-KPFM), le potentiel de surface photo-
généré dans des mélanges donneur-accepteur présentant une ségrégation de phase opti-

male apu étre visualisé a I’échelle du nanometre.

Afin de préciser la nature des forces mises en jeu dans le processus d’imagerie KPFM,
des oligomeres m-conjugués auto-assemblés ont ensuite été étudiés. Une transition entre
régimes a longue et a courte portée a ainsi été mise en évidence en combinant I’imagerie
en haute résolution aux mesures de spectroscopie en distance. Ces mesures ont égale-
ment démontré que ’influence des forces électrostatiques a courte portée peut etre min-

imisée en travaillant au seuil du contraste de dissipation.

Enfin cette procédure a été utilisée, en combinaison avec les mesures de spectroscopie
de photoélectrons UV, pour analyser la fonction de sortie locale d’électrodes transpar-

entes a base de nanotubes de carbone fonctionnalisés.
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Introduction:

Motivation
Outline

An atom is a body which cannot be cut in two. A molecule is the smallest possible portion
of a particular substance. No one has ever seen or handled a single molecule. Molecular
science, therefore, is one of those branches of study which deal with things invisible and

imperceptible by our senses, and which cannot be subjected to direct experiment.

-James Clerk Maxwell, 1873

n any given day, the Earth receives a vast amount of energy from the sun of

NG
l;@f about 6.26 x 10%° Joules per hour. As the global energy consumption in 2008

£¢ amounted to 4.74x10%° J, the Earth receives enough energy to fulfill the

yearly demand for energy in less than one hour. Nevertheless, harnessing this source of
energy in a cost effective way is not an easy task. Based on the photovoltaic effect, solar
cells convert sunlight directly into electrical energy. At the moment, the photovoltaic
industry is dominated by inorganic, silicon based, solar cells. As of 2011, a record
power conversion efficiency of 43.5% has been achieved.[1] However, these systems
have their drawbacks, the most notable of which being the high cost of fabrication.
Nowadays, a great attention is focused on organic solar cells as a low cost alternative to
conventional silicon-based photovoltaic devices.[2, 3]

Photovoltaic devices based on thin polymer films are particularly attractive mainly
due to their ease of processing, mechanical flexibility, and substantial potential for low
cost fabrication over large areas. Organic photovoltaics (OPVs) have the added benefit
of being easily customized by tailoring the chemical makeup and material properties
compared to traditional silicon based solar cells. In the last fifteen years, the power-
conversion efficiency (PCE) of bulk heterojunctions, where p-type conjugated polymers
are combined with n-type fullerenes, has continuously been improved, starting from rel-
atively modest values to reach 5% in the well-known P3HT-PCBM couple, [4, 5] and
as high as 8.3 % in blends incorporating new small band gap (donor-acceptor) semi-
conducting polymers.[6—8] However, in order to warrant their commercial viability, the
efficiency of OPV devices needs further improvement. The control of the nanoscale

morphology of the donor-acceptor blend is one of the critical parameters mobilizing

1



Chapter 1. Introduction 2

the efforts of physicists, chemists, and material scientists. The challenge is to obtain
crystalline percolating networks of the donor and acceptor materials, interpenetrating at
the scale of the mean diffusion length of excitons, to maximize the carrier generation
at the interfaces and ensure their efficient transport to the electrodes. Therefore, high
resolution characterization tools with nanometer resolution are needed to probe the mor-

phology and the electronic properties of relevant samples for photovoltaic applications.

Unfortunately for August Kekulé, his vision of benzene as a cyclic molecule could not
be confirmed while he was alive in 1865.[9] Fast forward almost 150 years, technologi-
cal advancements have improved so much so that individual carbon rings of a pentacene
molecule and the position of the hydrogen atoms around these rings, can be imaged by
an atomic force microscope (AFM).[10] Furthermore, atomic resolution is routinely
achieved by AFM on various kinds of surfaces.[11-13] The invention of AFM boosted
the development of nanostructural devices as a direct method to map the topography of
surfaces as well as to unveil a variety of physical and chemical properties down to the
nanometer regime. In combination with AFM, scanning Kelvin force probe microscopy
(KPFM) has become a very popular technique to map the electric surface potential of
organic thin films and devices.[14-19] KPFM has already proven its ability to map con-
tact potential differences (CPD) at the nanometer scale. Recently, local CPD (LCPD)
atomic contrast has been achieved and modeled on several reference surfaces.[20, 21]

Despite these remarkable advancements, the spatial resolution reported for organic
photovoltaic blends has typically been limited to a few tens of nanometers. Resolving
structural and potential differences at the sub-10 nm scale has been beyond the limits of
resolution even in the case of investigations carried out by noncontact AFM (nc-AFM)
in ultrahigh vacuum (UHV).

Therefore, the main goal of this work is to use nc-AFM/KPFM to investigate the local
structure and electronic properties of model organic materials and photovoltaic devices.

The objective of this investigation is threefold:

(i) To refine and resolve KPFM measurements at the nanoscale in order to map the
surface photovoltage of nanoscale phase segregated bulk heterojunction photo-
voltaic devices.

(i1) To investigate model self-assembled m-conjugated oligomers in order to obtain a
deeper insight into the nature of the tip-surface interactions involved in the nc-
AFM/KPFM imaging process.

(ii1) To confirm that single pass KPFM with small tip-surface separations (where short
range forces can contribute to the KPFM imaging process) can still be used for

quantitative investigations of the surface work function.
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1.1 Thesis Outline

Therefore, this manuscript will be organized as follows:

In chapter 2, a brief overview of the field of organic electronics and optoelectronics is
given. Specifically, a concise review of the fundamental principles for charge generation

in organic heterojunctions is discussed.

In chapter 3, a comprehensive description of the working principles of the character-
ization methods used in this report is given: noncontact AFM (nc-AFM), KPFM, and
photoelectron spectroscopy.

The next three chapters are devoted to the significant experimental results obtained
throughout the duration of this thesis using nc-AFM and KPFM on key elements com-
prising a typical organic bulk heterojunction photovoltaic device.

Chapter 4:
BHJ
active

FIGURE 1.1

In chapter 4, we present nc-AFM/KPFM investigations carried out on a high efficient
nanoscale phase segregated photovoltaic blend of the benchmark P3HT:PCBM. Our

main goals are:

(i) to clearly identify the networks of the donor and acceptor materials and,

(i1) to visualize the charge carrier generation induced under selective illumination.

In chapter 5, the occurrence and nature of CPD contrasts at the molecular scale is in-
vestigated on two related model oligomers forming self-assembled 7-stacked nanowires
on highly oriented pyrolitic graphite (HOPG). For these edge-on stacks, a surface po-
tential modulations correlated with the topography are expected due to the existence of

molecular electric dipoles at the fluorenone cores.
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In chapter 6, KPFM is used to characterize the surface potential of a series of flex-
ible transparent electrodes, based on functionalized carbon nanotubes using metallic
nanoparticles. These results are compared with the work function values deduced from
ultraviolet photoelectron spectroscopy (UPS) measurements. In view of this compari-
son, the validity of work function values deduced from single pass KPFM experiments

in the close proximity regime is discussed.
In chapter 7, we draw our conclusions and future perspectives.

Finally in appendix A, KPFM investigations of a novel donor-acceptor BHJ photo-
voltaic device is briefly presented. The behavior of the contact potential difference in

dark and under illumination is addressed at the global scale.



Organic Electronics & Optoelectronics:
Conjugated Oligomers and Polymers

Organic Photovoltaics

Materials

e chapitre a pour objectif d’introduire le domaine de 1’électronique et de I’opto-
ﬂlt électronique organique, en présentant certaines notions essentielles relatives aux
propriétés des molécules et polymeres pi-conjugués. Le concept d’hétéro-jonction vo-
lumique est plus particulierement décrit. Les matériaux étudiés dans ce travail sont

également présentés.

n this chapter, a brief introduction into the field of organic electronics is given,
“‘N outlining the properties of conjugated polymers and small molecules. Organic pho-
tovoltaics, specifically the concept of bulk heterojunction, is introduced. A detailed list
of the materials investigated in this thesis is presented.
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ypically, a plastic material isn’t thought of as a conductive material. In fact, for
most applications it is regarded as an insulator, such as for the protection around
conductive wiring in order to insulate it and us from short circuits. However,
in 1977, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa discovered that
a polymer, polyacetylene (as seen in figure 2.1), can be made conductive.[22-24] This

discovery earned them the Nobel Prize in Chemistry in 2000.

FIGURE 2.1: Voltage-controlled switch (left), an “active” organic polymer electronic

device using melanin, a typical polyacetylene (chemical structure shown to the right),

from 1974. Now in the Smithsonian Chip collection at the National Museum of Amer-
ican History in Washington D.C., USA.

However, conductive plastics were studied even earlier. In 1974, John McGinness and
his coworkers described the “first experimental demonstration of an operating molecu-
lar electronic device”, as seen in figure 2.1. This “active” organic-polymer electronic
device was a voltage-controlled bistable switch, with an active element being poly-
acetylene. The “ON” state of this device exhibited almost metallic conductivity, and
exhibited low conductivity with switching, with as much as five orders of magnitude
shifts in current.[25, 26]

Today, conductive plastics are being used for a number of applications, incorporated
for use into commercial displays, batteries, diodes, electronic paper, transistors, solar
cells etc. Conductive polymers are a desirable alternative in many applications because
they are lighter, more flexible, and less expensive than inorganic conductors. New ap-
plications that would be impossible using copper or silicon are also possible.[27-31]
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2.1 Conjugated Polymers

AAtom Molecule Atom

n-bond

I

Energy

Ml

n-bond

FIGURE 2.2: Pictorial representation (left) of the m & o orbitals between two adjacent
C atoms. The molecular orbital energy-level diagram (right) for diatomic molecules
showing that 2p orbitals overlap to form bonding (7) and antibonding (7*) orbitals.

Polymers, or plastics, are carbon-based macromolecules that are composed of repeat-
ing covalently bonded structural units, or monomers. Conjugated polymers have at-
tracted a great deal of attention due to their remarkable electronic and optical properties
arising from their unique structures consisting of alternating single bonds, and double
or triple bonds. As a result, the 7 electron orbital overlaps between each connecting
covalent or ¢ bond, as seen in figure 2.2. All conductive organic molecules conduct
electrons through 7 bonds. A 7 bond is made by the addition of adjacent m-orbitals.
They always have a node along the axis between the bound atoms. Most of the electron

density in a 7 bond is above and below the plane of the connected atoms.

The bonding orbital (lower energy) has a node along the bond axis (7 orbital). It is
formed when the phases of the two 7-orbitals match. The antibonding (7*) orbital has
a node along the axis and a node in the middle of the bond axis, between the nuclei of
the two bound atoms. The simplest example of a m-conjugated chain is polyacetylene,
which has the chemical structure shown in 2.1.

The band gap refers to the energy spacing between the highest occupied and the low-
est unoccupied bands. The lowest unoccupied band is called the conduction band (inor-
ganic semiconductors) or LUMO! (organic semiconductors) and the highest occupied
band is called the valence band (inorganic semiconductors) or HOMO? (organic semi-

conductors).

"Lowest Unnocupied Molecular Orbital
2Highest Ocupied Molecular Orbital
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The difference between HOMO and LUMO levels is reduced in the presence of 7
bonds which is at the origin of the semiconducting behavior of 7 conjugated materials.

Materials comprising only sigma bonds (so called saturated systems) will display a
larger HOMO-LUMO gap and behave as insulators.

Although the chemical structures of polymers are represented by alternating single
bonds and double bonds, in reality, the electrons that contribute to the 7 bonds are
mostly delocalized over three to four repeating units. For small molecules, the m bonds
and corresponding 7* bonds have discrete energy levels. By increasing the number
of carbon atoms, and thus increasing the length of delocalization, the 7 orbitals (and
corresponding 7* orbitals) become closer. In a polymer, with a large number of carbon

atoms, individual energy levels can no longer be distinguished.

Conductivity
S'm-

FIGURE 2.3: Conductivity of conjugated polymers compared to those of other materi-
als, from quartz (insulator) to copper (conductor).

Much like inorganic semiconductors, where the level of conductivity is dictated by
dopant materials, organic semiconductors work in a similar manner. The conjugated
polymers in their undoped, pristine state are semiconductors or insulators, where the
energy gap can be > 2 eV. Therefore, undoped conjugated polymers, such as polythio-
phenes and polyacetylenes display a low electrical conductivity (1071 to 1078 S-m™1).

When the material is “doped” by oxidation, extra charge carriers are created (i.e.
holes). Even with a very low level of doping (< 1%), electrical conductivity increases

by several orders of magnitude up to values of around 0.1 S-m~!

. Furthermore, any
subsequent doping will eventually saturable the electrical conductivity, at values around
0.1-10 kS-m~! for different polymers. In practice, most organic conductors are doped
by oxidation to give a p-type material. Shirakawa et al. reported high conductivity,

~10° S-m™!, in oxidized and iodine-doped polyacetylene.[23, 24]

However, in organic field effect transistors (OFETs) or polymer light emitting diodes,
electrostatic doping is used to accumulate charges at the organic semiconductor/insula-
tor interface, as pictured in figure 2.6.
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In hole transporting OFET devices, a negative voltage is applied to the gate. By
applying a second negative bias to the drain, the charges move along the channel and
are collected at the drain.[32]

conduction conduction
band band

Fermi I impurity level

level i P
impurity level

-

insulator &
metal intrinsic
semiconductor

n-type p-type

semiconductor semiconduct:

FIGURE 2.4: Energy diagram of a metal, an insulator, and »n and p types extrinsic
semiconductors.

The electrical properties of a material are determined by its electronic structure. Con-
ductivity depends on the number density of charge carriers (number of electrons n) and

how fast they can move in the material (mobility p):
o =nue, (2.1)

where e is the electron charge. In a metal, there is a high density of electronic states
composed of electrons with relatively low binding energies, and these “free electrons”
are able to move easily from atom to atom under an applied electric field. For example,
the conductivity for metallic copper has been measured at around 10® S-m~*.

One mechanism proposed to account for conductivity in polymers is by charge hop-
ping between different polymer chains, where an electron jumps between localized
states on adjacent polymer chains. However, the bulk conductivity in the polymer is
limited by the need for the electrons to jump from one chain to the next. In molecular
terms, this is limited by an intermolecular charge transfer reaction, and also by macro-
scopic factors such as poor connection between different crystalline domains within the

material.

The properties of conjugated polymers are strongly influenced by disorder effects
which can take place at various scales. Intrachain, as well as interchain defects can
indeed severely limit the charge transport. However, due to their high molecular weight
and semicrystalline character, controlling the structural organization of m conjugated
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(a) dircction (c)

molecules

>
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stacking R
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(b)

FIGURE 2.5: Schematic of edge-on (a) and face-on (b) orientations represented in the

case of regioregular poly(3-hexylthiophene) (P3HT). In the case of OFETs the 7—m

stacking direction in (a) facilitates charge transport.(c,d) Scanning probe microscopy

images of 7 conjugated oligomers and polymers self assembled on HOPG. (c) Topo-

graphic FM-AFM images of QTF8 edge-on stacks grown on a buffer layer of face-

on molecules.[33] (d) STM topographic image of a face-on P3DDT film after in-situ
annealing.[34]

polymers is challenging. Nowadays, a well-established approach to overcome this issue

relies on the use of self-assembly and self-organization processes on surfaces.

Among m-conjugated materials, solution-processed regioregular poly(3-alkylthiophene-
2,5-diyl)s (P3ATs), stand as a model system because of their remarkable self-organization
properties on surfaces and high carrier mobilities under field effect doping. Poly(3-
hexylthiophene) (P3HT) is a prototypical polymer among the P3AT family that is used
for device applications, in part due to its ability to form self-assembled crystalline fibrils
or nanorods. When deposited on a surface, P3HT can generally adopt two preferential
orientations which are depicted in figure 2.5a and b. For edge-on assemblies (figure
2.5a), the interchain m-stacking direction is parallel to the plane of the substrate. On
the other hand, the 7 conjugated cycles lie flat on the surface in the case of face-on
assemblies (figure 2.5b). Frequency-modulation AFM and STM images of both kinds
of assemblies are given in figures 2.5c and d, respectively.
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For polymeric field effect transistors (PFET), it has been shown that the orientation of
the crystalline domains dramatically influences the carrier mobility.[35] More precisely,
the edge-on orientation promotes an efficient charge transport, since the 7 stacking

direction is parallel to the channel at the organic-insulating interface.[36-39]

0000 0Nr

FIGURE 2.6: Basic schematic of a conventional organic field effect transistor (OFET)
showing the arrangement of the molecules in the conducting channel made of short
conjugated molecule.

2.2 Organic Electronics

Today, nanofabrication techniques can be broken down into two approaches, top-down
and bottom-up. First termed by the Foresight Institute® in 1989, these two approaches
distinguish between conventional mass-production manufacturing techniques and molec-
ular manufacturing. Top-down approaches use traditional microfabrication methods,
such as photolithography, to create desired shapes and orders, analogous to carving the
final structure from a larger block of matter. Conversely, bottom-up techniques use the
chemical properties of molecules to produce the desired shape and properties for de-
vice applications. The bottom-up approach utilizes molecular self-assembly, described
above, which is a key concept in supramolecular chemistry.[40—42] In this thesis, m—
7 interactions, caused by the overlapping 7 orbitals, as previously described, plays a

major role in the supramolecular assembly.

Programmer design self-assembly of m-conjugated oligomers has been achieved us-

ing supramolecular techniques. Jean-Marie Lehn defines supramolecular chemistry as

3Foresight Institute www.foresight.org
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‘chemistry beyond the molecule’, that is the chemistry of molecular assemblies leading
to the design of supramolecular materials whose buildup and properties are controlled

through the self assembly of suitable units.[43]

The organic materials used in electronic devices are generally split into two groups:
small molecules and polymers. Polymers are usually processed from solution and have
a molecular weight distribution that is described by the polydispersity of the mate-
rial. On the other hand, small molecules, including oligomers, can be deposited by
vapor methods or solution based processes and have a well-defined and highly repro-
ducible molecular weight.[27] While typical polymers used for electronic applications
are commercially available, with a variety of properties such as molecular weight, small
molecules have to be synthesized in the lab.[44]

The synthesis, solubility/purification, and intrinsic electronic properties of polymers
pose a significant problem to organic device applications because the regioregularity,
molecular weight, and polydispersity have been shown to significantly affect the per-
formance of devices.[45, 46] In fact, considerable differences in device performances
have been observed when fabricated with the same polymer from different commercial

sources, implying that the control of structural variables and purity is crucial.[44]

A possible solution to this problem is to replace the m-conjugated polymer with sol-
uble small conjugated molecules, for example, as the donor material in organic solar
cells. As Roncali points out in reference [44], this would have several potential advan-

tages over polymers:

> defined chemical structure (therefore a defined regioregularity, molecular weight,
and monodispersity),

> easier purification,

> a generally higher charge-carrier mobility and,

> a straightforward relationship between the chemical structure, electronic proper-

ties and device performances.

Exciting results have been obtained with plastic electronic devices based on polymers
and small organic molecules. As discussed, both semiconducting materials have their
pros and cons in which the processability and high ordering of organic thin layers are

the unique features of both systems.



Chapter 2. Organic Electronics & Optoelectronics 13

2.3 Organic Photovoltaics
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FIGURE 2.7: Progress of research-scale photovoltaic device efficiencies, under an air
mass of 1.5, according to 9/2011 data from National Renewable Energy Laboratory
(NREL).

Currently, a vast majority of commercial solar cells are made from highly purified
and refined silicon crystal. However, due to the high cost and complex manufactur-
ing process, interest in developing alternative photovoltaic technologies has increased.
Within the last 20 years, organic materials gained broader interest for photovoltaic
applications.[47-51]

Since the report of the first organic thin film solar cell by Tang [48], several architec-
ture concepts have been presented using small molecules [48, 49], conjugated polymers
[52], conjugated polymer blends [51, 53, 54], polymer-small molecule bilayers [55, 56],
and blends [50, 57, 58] or combinations of organic-inorganic materials.[59, 60]

Using organic materials provides several benefits such as low cost synthesis, large
optical absorption coefficients [61], and comparably easy manufacturing of thin film
devices by either vacuum evaporation or solution cast processes. In addition, organic
solar cells benefit from being able to be fabricated on mechanically flexible substrates.
With the recent report of 8.3 % efficiency by Konarka (also certified by NREL*), organic

photovoltaics are about to become a competitive option for solar energy conversion.[8]

“National Renewable Energy Laboratory (NREL) www.nrel.gov
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Unlike conventional solar cells, that rely on the large built-in electric field of a p-n
junction to separate the electrons and holes created when photons are absorbed, charge
generation within an organic photovoltaic device relies on an interface between two
different materials (electron donor and acceptor materials). A photon is converted into
an electron-hole pair, typically in the donor material which is typically a polymer or
small molecule. These charges tend to remain Coulombic bound in the form of an
exciton. When the exciton diffuses within the donor material and reaches a donor-
acceptor interface, charge separation can take place.[3]

In the following, three basic device architectures that can be used to realize a full
organic photovoltaic device are presented: biplanar heterojunction, bulk heterojunction,
and the ordered heterojunction, pictured in figure 2.8.

2.3.1 Device Architectures

electron |
acceptor [j Polymer

Aluminum Cathode Aluminum Cathode Aluminum Cathode

Transparent Anode Transparent Anode Transparent Anode

() (b) (c)

FIGURE 2.8: Three organic solar cell device architectures: (a) biplanar heterojunction,
(b) bulk heterojunction and (c) ordered heterojunction.

2.3.1.1 Biplanar Heterojunction

The simplest device architecture one can conceive, that also promotes exciton separa-
tion, is a biplanar heterojunction (Figure 2.8a), in which the active layer is sandwiched
between a transparent anode and a metallic cathode. However, the efficiency of the bi-
planar heterojunction device is primarily limited by the exciton diffusion length within
these materials. The distance over which excitons travel before undergoing recombi-

nation is ~3—10 nm in most organic semiconductors. Therefore, any excitons formed
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at a location further from the heterojunction interface than that of the exciton diffusion
length have a very low probability of being dissociated. Thus, the active volume of this
architecture is only limited to a very thin region close to the interface. Unfortunately, a
very thin active area (< 100 nm) is not enough to adsorb most of the solar radiation flux

in these types of materials.

This has inspired researchers of nanostructuring the materials such that the domain
size is on the order of twice the diffusion length in order to overcome this limitation, as

shown in the following.[62]

2.3.1.2 Bulk Heterojunction

Aluminum Cathode

PEDOT:PSS

Transparent Substrate

FIGURE 2.9: Normal geometry of a bulk-heterojunction solar cell. PEDOT:PSS:
Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate). ITO: Indium tin oxide.
P3HT: poly(3-hexylthiophene). PCBM: Phenyl-C61-butyric acid methyl ester.

In a bulk heterojunction (BHJ) architecture the electron donor and acceptor materials
form two percolating intermixed networks, which maximizes the interface area where

charge transfer can occur.
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Electron
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Electron
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FIGURE 2.10: Schematic of the energy levels of the electron donor and ac-

ceptor materials.  After charge separation, the electron and hole are trans-

ported through the respective materials and collected by the electrodes. Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) deposited on top of in-

dium tin oxide (ITO) is used as the hole collecting anode, while lithium fluoride and
aluminum are used as the electron collecting cathode.

The device geometry of a typical BHJ solar cell can be seen in figure 2.9. In this case,
the transparent substrate (typically glass) is coated with indium-tin-oxide (ITO), a trans-
parent conductive electrode with a high work function, suitable to act as a hole collect-
ing anode. With the aim to reduce the roughness of this ITO layer and further increase
the work function, a very thin layer of poly(3,4-ethylene dioxythiophene): poly(styrene
sulfonate) (PEDOT:PSS) is spin cast on top. This is subsequently followed by the ac-
tive layer. The top electrode usually consists of a low work function metal or lithium
fluoride (LiF), topped with a layer of aluminum, all of which are deposited by thermal
deposition in vacuum through a shadow mask. One of the most promising combinations
of materials within the active layer is composed of a blend of a semiconducting polymer

as a donor and a fullerene, Cgg, derivative as the acceptor.[50]

In order to achieve an effective charge transport, the morphology of the active layer
is critical. Both the donor and acceptor materials should ideally form crystalline, in-
terpenetrated and percolating networks connected to the respective electrodes. More-
over, the length scale of the phase segregation between the two materials should be
on the order of the mean exciton diffusion length (typically < 10nm).[50, 53, 63, 64]
Achieving an ideal morphology is therefore highly challenging. Shaheen et al. have
shown that the choice of solvent has a profound effect on the morphology and per-
formance of BHJ photovoltaic device.[57] Furthermore, thermal annealing has been
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frequently used to improve the crystallinity of the polymer domains resulting in better
device efficiencies.[63, 65-68]
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FIGURE 2.11: Images (a) and (b) are original slices taken out of the reconstructed

volume of a P3HT:PCBM film, with a slice (a) located close to the bottom of the film

and (b) close to the top of the film. Dimensions of the slices are 1700 nmx 1700 nm. A

threshold was set up such that the crystalline P3HT nanorods are yellow in color. The

relative area occupied by (yellow) P3HT in each slice can thus be determined for all

slices through the whole thickness of the P3BHT/PCBM film and plotted depending on
a slice position (c¢). Image modified from reference [68].

In addition, in the case of the benchmark P3HT:PCBM tandem, electron tomography
experiments have revealed a favorable concentration gradient of the electron donor ma-
terial through the thickness of the active layer. In other words, the density of the P3HT
fibrils is larger at the interface with the anode, which enhances the hole collection pro-
cess, as seen in figure 2.11.[68].

2.3.1.3 Ordered Heterojunction

As already stated, in order to improve sufficient charge transport to the electrodes, it
is vital to obtain an interpenetrating and percolating network of the donor and accep-
tor materials at the nanoscale. However, this can lead to the formation of a random
network, that can possibly limit the efficiency of the BHJ architecture. Vastly differ-
ent morphologies which may have dead ends and isolated domains can severely affect
the charge transport by trapping charge carriers, preventing them from being extracted.
Therefore, structuring one of the components into vertically aligned rods or pores with
a diameter on the order of the exciton diffusion length would alleviate this problem,

as seen in figure 2.8c.[62] This device structure is aiming to adapt the advantages of
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both the biplanar and bulk heterojunction architectures, an enlarged donor-acceptor in-
terface and an spatially uninterrupted pathway for the opposite charge carriers to their

corresponding electrodes.

Unfortunately, so far, poor efficiencies have been achieved with ordered heterojunc-
tion architectures. Fabricating nanostructures with small pore sizes (on the order of the

exciton diffusion length ~10 nm) and high aspect ratios has proven difficult.[62]

In summary, as Coakley et al. [64] describe, the path to improve the efficiency of

OPV devices can be accomplished if:

(1) a method is developed for patterning high aspect ratio nanostructures; for exam-
ple, 20 nm wide straight holes that are 200 nm deep in a suitable semiconductor,
(i1) the bandgap of the materials is reduced in order to absorb more light,
(ii1) the energy loss associated with electron transfer is reduced,
(iv) the charge carrier mobility is improved and the interface is engineered to almost
eliminate recombination,
(v) and lastly, OPV cells of different bandgaps are stacked in order to harvest more
of the solar energy.

2.3.2 Operational Principle

The basic operational principles of a BHJ organic solar cell can be broken down into

four distinct processes, as seen in figure 2.12.

Light Absorption = Exciton Generation Light is mainly absorbed in the so-called
electron donor material, which is typically a hole conducting small molecule or a con-
jugated polymer. Excitons, or the Coulombic bound electron-hole pairs, are generated
on the polymer chain. The optical absorption coefficient for typical organic molecules
is quite high. Therefore, a large amount of light can be absorbed within a relatively
small amount of materials.[61] Whereas further increasing the layer thickness is ad-
vantageous for light absorption, it also burdens the charge transport. However, a draw-
back is that organic polymers tend to have a narrow absorption band within the solar
spectrum.[69, 70]

Exciton Diffusion = to Acceptor Interface Due to the low dielectric constant in
organic materials, the photogenerated excitons are strongly Coulombic bound. Electri-
cally neutral excitons can only move by diffusion. For efficient charge generation, an
exciton photogenerated anywhere in the blend has to reach the donor—acceptor interface
within its lifetime. When the mobility of the exciton is too low or the active layer is too

thick, the needed transit time of photogenerated charges to reach the donor—acceptor
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FIGURE 2.12: Pictorial representation of the operation of a BHJ organic solar cell:
Step 1: Light Absorption = Exciton Generation.
Step 2: Exciton Diffusion = to Acceptor Interface.
Step 3: Exciton Dissociation = Free Electron-Hole Pair Generation.
Step 4: Free Electron-Hole Pair Dissociation = Charge Transport = Photocurrent!
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interface becomes longer than the lifetime. The exciton decays and the charges recom-
bine. Therefore, the maximum of the allowed phase separation is determined by the
diffusion length of the exciton. In most organic materials, the exciton diffusion length
is limited to 5-10 nm by the relatively fast intrinsic decay process of the photoexcited
molecules.[66, 71]

Exciton Dissociation = Free Electron-Hole Pair Generation Excitons can only be
dissociated at energetically favorable acceptor molecules, such as fullerenes. This is be-
cause the energy gain is larger than the exciton binding energy. Afterwards, the electron
or charge transfer can take place, in which the exciton dissociates into an electron on
the fullerene acceptor and a hole which remains in the polymer. However, this electron-
hole pair is still Coulombic bound, and is called geminate pair or polaron pair. This
polaron pair also needs to be dissociated, this time by an electric field (built-in voltage
+ applied voltage). Therefore, the photocurrent in organic solar cells depends strongly
on the applied voltage. This is a major loss mechanism in organic solar cells.[72, 73]
In 1992, Sariciftci et al. demonstrated that the electron transfer from a conjugated poly-
mer to Cgq is ultrafast (sub-picosecond). This has demonstrated the great potential of

fullerenes as acceptor materials.[47, 74]

Free Electron-Hole Pair Dissociation = Charge Transport The electrons and holes
are transported to the respective electrodes, driven by the electric field, and moved by
a hopping transport process. Surprisingly, the lifetime of the resulting charge-separated
state in BHJ blends extends into the millisecond time domain. This long lifetime al-
lows the photogenerated charges to diffuse away from the donor—acceptor interface
(assisted by the internal electric field in the device) and be collected at their respec-
tive electrodes.[75, 76] However, the morphology and structural properties of the donor
and acceptor materials play a major role in this step as well. A high degree of struc-
tural organization of the self-assembled polymers/oligomers and percolating networks
throughout the active layer and an improved contact to the electrodes ensures high car-
rier mobility and charge collection. Thereby, the device performance and efficiency is
optimized by lowering the series resistance of the polymer solar cells.[5, 65]
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===: Dark
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FIGURE 2.13: Typical behavior of the current-voltage (IV) measurements of an or-
ganic solar cell in dark (red dashed line) and under illumination (solid blue line).

Solar Cell Parameters The photovoltaic power conversion efficiency 7. is a measure

of the degree of incident sunlight being converted into electricity and is defined as:

 Voolso FF

€ ) 22
7 P (2.2)

where V¢ is the open circuit voltage, Isc is the short circuit current in A/m?, and P;, is
the incident light power in W/m?. The fill factor (FF) is the ratio of the actual maximum
obtainable power to the maximum theoretical power, defined as:

FF = -[mpp Vmpp

) (2.3)
Voc Isc

where I,,,,, and V,,,,, are the current and voltage at the maximum power point.[71]
The trend of power conversion efficiencies of various types of solar cells, from the
National Renewable Energy Laboratory (NREL), is shown in figure 2.7. According
to Scharber et al. (2006), a power conversion efficiency exceeding 10 % should be
possible by controlling the morphology along with the size of the band gap and the
LUMO offset.[77]
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2.4 Materials

FIGURE 2.14: (a) polymer, poly(3-hexylthiophene) [P3HT], (b) QTFES, (c) FG1, (d)
Phenyl-C,-butyric acid methyl ester, PC4oBM and (e) PC7oBM. (f) Single wall carbon
nanotube SWCNT.

In this thesis, six organic materials were investigated.

The well-known conjugated polymer, regioregular poly(3-hexylthiophene) (P3HT),
was used in this thesis in combination with the fullerene PCgBM. P3HT consists of stiff
m-conjugated backbone with hexyl side chains that allow solubilization and processing

for technological purposes.

Two novel small molecules (oligomers), abbreviated as QTFS8 [78] and FG1 [79], seen
in figure 2.14b and c, respectively, have been synthesized by fellow colleagues for pho-
tovoltaic applications. Both molecules contain a fluorenone central unit symmetrically
coupled to oligothiophene segments. These novel oligomers were investigated for their

intrinsic self-assembly properties.

Moreover, a comparison was carried out between the results obtained for the bench-
mark P3HT:PCgBM with the ones achieved for an FG1:PC,,BM BHIJ photovoltaic
device (presented in appendix A).[79]
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Fullerenes Cgy and Cr, itself are rather insoluble. Therefore, side groups are at-
tached to increase their solubility for solution processing. The most widely used Cg
and Cy( derivative in solar cell devices is 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]
methanofullerene, PCBM, seen in figure 2.14d and 2.14e for Cgy and Crg, respectively.
This has shown increased solubility in organic solvents and is excellent electron accep-

tor material.[80]

Single wall carbon nanotubes (SWCNTSs) are members of the fullerene family, seen
in figure 2.14f. Extensive research and applications have been developed regarding the
properties of these structures since their discovery in 1991.[81-83] In the context of
this thesis, they have been incorporated as a network for use as a flexible transparent
conductive electrode for photovoltaic applications.






Experimental Techniques:
Noncontact Atomic Force Microscopy (NC-AFM)
Kelvin Probe Force Microscopy (KPFM)
Photoelectron Spectroscopy (PES)

Cantilevers & Equipment

es techniques expérimentales utilisées dans ce travail sont présentées dans ce
u‘llv chapitre, a savoir la microscopie a force atomique non contact en modulation de
fréquence (FM-AFM), la microscopie a sonde de Kelvin (KPFM) et les techniques de
spectroscopie de photo-électrons (PES). Nous montrerons en quoi la spectroscopie de
photo-électrons UV (UPS) et la microscopie a sonde de Kelvin sont deux techniques
complémentaires pour estimer la fonction de sortie d’un échantillon, et comment la
spectroscopie de photo-électrons X (XPS) peut étre utilisée pour analyser la composi-
tion chimique en surface. Les avantages et limitations de chacune de ces techniques
seront détaillés en sus des principes opératoires de base. Les deux principales méth-
odes pouvant étre utilisées pour réaliser des mesures de microscopie a sonde de Kelvin
seront comparées: le mode modulation d’amplitude (AM-KPFM) et le mode modulation
de fréquence (FM-KPFM). Enfin, nous donnerons une description détaillée du disposi-

tif expérimental utilisé pour nos études.

detailed overview of the principle techniques of this thesis will be outlined: Non-
/q contact frequency modulation atomic force microscopy (FM-AFM), Kelvin probe
force microscopy (KPFM), and Photoelectron Spectroscopy (PES). Ultraviolet photo-
electron spectroscopy (UPS) is used complementary to KPFM to determine the work
function ¢, of the sample and X-ray photoelectron spectroscopy (XPS) is used for sur-
face composition analysis. Fundamental aspects of each technique will be addressed
including the advantages and limitations. Regarding KPFM, a comparative overview
of the two principle methods, Amplitude Modulated KPFM (AM-KPFM) and Fre-
quency Modulated KPFM (FM-KPFM), will be provided. An in-depth experimental

apparatus description will also be given.

25
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n March 1981, G. Binnig, H. Rohrer, Ch. Gerber and E. Weibel at the IBM

Ziirich Research Laboratory observed vacuum tunneling of electrons between a

sharp tungsten tip and a platinum sample.[84-86] Combined with the ability to
scan the tip against the sample surface, the scanning tunneling microscope (STM), and
consequently the field of scanning probe microscopy (SPM), was born. This develop-
ment earned Binnig and Rohrer the Nobel Prize for Physics in 1986. Since then, ad-
vances in scanning probe microscopy have progressed rapidly, easily achieving atomic
resolution.[87, 88] While the STM is an innovative tool allowing access to the world
at the atomic scale, the basic operating principles of the STM are quite straightforward
and has been covered extensively in many books and review articles.[11, 12, 89-93]

Despite of the great success of the STM, it is obvious that STM has a fundamental
disadvantage. That is, with STM only the conductive or conductive layers coated sam-
ples can be investigated. To overcome this limitation, Binnig invented the AFM [94] in
1985 and it was introduced by Binning, Quate and Gerber as a spin-off to the STM.[95]
This came about due to the apparent forces which act between the tip of the STM and
the sample, causing elastic deformations of the tip which inevitably was put to use in
the AFM.

3.1 Atomic Force Microscopy (AFM)

In atomic force microscopy (AFM) a flexible tip-cantilever assembly is scanned across
a surface tracing the topographical contours. Forces, such as inter-atomic, frictional,
magnetic and electrostatic, can either attract or repel the tip. AFM operates in two

fundamental modes, in which the cantilever is used as a:

> static probe in contact mode, or

> as a resonator in the dynamic modes (intermittent and noncontact).

In contact mode, or static operation, the cantilever is dragged across the surface of the
sample. The topography of the surface is measured directly using the deflection of
the cantilever, which is proportional to the normal force Fy. Thus, the topography is
regulated by the normal force acted on the cantilever by the sample surface. The force
setpoint of the cantilever is added externally and may be either positive or negative, in
which:

> Fger > 0= repulsive force

> F..; < 0= attractive force
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Primarily, a positive force setpoint is applied but a negative force setpoint can be used

on adhesive samples and for force spectroscopy.[96]

However, in this thesis, the primary method of operation is in dynamic mode, specif-
ically using noncontact atomic force microscopy (NC-AFM), see section 3.1.3. Pio-
neered by Martin et al. [97], in dynamic mode, the cantilever is a harmonic oscillator
and is externally oscillated at or close to its fundamental resonance frequency. When
the cantilever is in close proximity to the surface, the oscillation amplitude, phase, and
resonance frequency are modified by the interaction forces between the tip and sam-
ple. These changes in oscillation with respect to an external reference oscillation are
used as a feedback signal to provide information about the sample’s surface topogra-
phy. Typically, changes in oscillation amplitude (amplitude modulation AFM) are em-
ployed in intermittent contact mode (also referred to as tapping mode), widely used in
ambient conditions. Changes in the resonance frequency (frequency modulation AFM)
are utilized in ultrahigh vacuum (UHV) and is commonly referred to as NC-AFM.[97]
Frequency and amplitude modulation (FM and AM) AFM is illustrated in figure 3.1.

F

driving

I Amplitude Modulation Frequency Modulation

F.

interaction

()

FIGURE 3.1: Driving force and tip-surface interaction force upon a vibrating cantilever

(a) with a normal mode spring constant & expressed in equation 3.13, and vibrational

amplitude, A,;;. Schematic representations of amplitude (b) and frequency modulation
(c) AFM.
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3.1.1 Tip-Sample Forces

Before we can discuss the operating mechanisms behind FM-AFM/NC-AFM, used in
this thesis, it is important to consider the forces between an AFM cantilever and the
surface. The potential energy between an AFM tip and the surface Vs causes a z com-
ponent of the tip sample force, simply given as:

0 Vis

F, = — . 1
ts 52 (3 )

The tip-sample spring constant for cantilever is defined as:

0Fs
0z

fyp = o ts (3.2)

The frequency shift used to regulate the z-position, is either proportional to F,, or its
gradient depending of the amplitude regime.[13]

The range of forces between the tip and sample can be regarded as either long-range
or short-range. In vacuum, there are short-ranged chemical forces (up to a few nm)
while at the long-range there are van der Waals, electrostatic and magnetic forces (up to
~100 nm), which often overwhelm the short range chemical interaction responsible for

atomic resolution.

Van der Waals interactions are caused by electric dipole moment fluctuations of atoms
or molecules and their polarization on a sample surface. The form of the van der Waals

potential for a spherical tip with radius R and an infinite plane is given by:

AuR
6z

Viaw = (3.3)

where Ay is the Hamaker constant which encapsulates the effects of the atomic polar-
izability and density and is a property of the materials of the tip and sample, typically
of the order of 1eV.[98] This gives rise to a force:

Ag R

622

Foaw = (3.4)

The van der Waals force can be a major disturbance in scanning probe microscopy
because the force can be quite large.[13]

Additionally, with typical tip and sample materials, there exists an electrostatic po-
tential difference, U;s # 0. The electrostatic force on the cantilever can be generally

expressed in terms of the capacitance gradient and the potential difference between tip
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and sample:
1 6Cy .

2 6z
where V' is an external bias applied to the tip.[13] This will be discussed in more de-

Fog = (3.5)

tail within the frame of Kelvin probe force microscopy, in section 3.2. Nonetheless,
this suggests that even with no external bias applied to the tip and no trapped charges
present there may be an electrostatic force present due to the difference in work function
between tip and sample materials. However, by applying the appropriate bias the elec-
trostatic force can be nulled, and this is often done for FM-AFM imaging. Assuming a

spherical tip at a distance z above an infinite plane, the electrostatic force reduces to:

R? Teg RU?
Fy = — _ Py s 3.6
el 7T€0 <Z(Z + R)) Uts > 9 ( )

where R is the radius of the spherical tip, Uy, is the potential between tip and sample
and ¢, is the permittivity of free space. Like van der Waals interactions, electrostatic
interactions can cause large forces. Giessibl et al. [99] explain that in contrast to van
der Waals forces, where short-range interactions can lead to large long-range tip-sample
forces (ox 1/29), electrostatic forces can contribute in the opposite direction. That is,

the electrostatic field has a short-range exponential distance dependance.

> : i " Repulsive Forces
‘ i i = Attractive Forces
== Cumalative Forces

Force

Tip-Sample
Distance, z (A)

~ Contact Regime

#45% Non-Contact Regime

FIGURE 3.2: Force curve of an AFM tip as a function of surface distance, as well as
operating regimes of contact and noncontact AFM modes.

Excluding long-range electrostatic and magnetic forces, a variety of different theories
exist for empirically modeling the chemical/short range interactions. The two most
common are the Lennard-Jones potential [11, 100] (which models the long-range van
der Waals attractive force and Pauli repulsion, and is also used to demonstrate the force
curve in figure 3.2) and the Morse potential (which in this form models short-range

repulsive and attractive bonding forces), both of which can be expressed in terms of a
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bond energy Ej,,q (typically, on the order of 10718J) and an equilibrium distance o (on
the order of the A).[13] The Lennard-Jones potential is given by:

2]

which gives rise to a force:

Fyy = —19—tbend [2 (O‘)7 - (O‘)lg], (3.8)

g z z

The Morse potential describes the covalent bonding dependence as an exponential de-
cay:
VM{)rse - _Ehond {Qe—n(z—a) - e—2n(z—a)}7 (39)

where « is the characteristic inverse decay length [98, 101-103], which gives rise to a
force:
Fitorse = —2 Bpgna| 2" — &2, (3.10)

Although, measured force curves may differ from this simplified model due to tip ge-

ometry or inhomogeneities in the sample.[104]

In order to obtain high resolution, the tip must probe close to the surface, such that
it can access the short-range chemical forces.[105] As the force (and force gradient)
between the tip and sample in the region we want to probe is so great that if we place
the tip in this position in a static environment it will be pulled into contact with the
surface (i.e. a so called ‘jump to contact’ into the repulsive regime where the tip-sample
force will become much greater) due to the finite stiffness of the cantilever. If we
want to work in the region where we are able to detect the short-range forces, without
being drawn into the region where the tip and/or the sample is damaged or modified, it

becomes necessary to use so-called dynamic AFM techniques.

3.1.2 Vibrating Tip Dynamics

In dynamic modes of AFM, a cantilever with a sharp tip is positioned in close proximity
to the surface to be investigated and is mechanically excited at or near resonance. The
equation of motion of such a driven cantilever in the presence of a tip-surface interaction

force can be expressed by the equation of motion of a forced harmonic oscillator with



Chapter 3. Experimental Techniques 31

damping:
kz(t) + v 2(t) +m*2(t) = Fis(x) + Fycos(wt) (3.11)
—— —— —— ————
Restoring Intrinsic Interaction Driving
force damping force force

where (m* 0
Yo = .
Q

Here, the restoring force of the cantilever spring, intrinsic damping of the cantilever,
the tip-sample interaction force and the driving force used to excite the cantilever are
included. In equation 3.11, k and m* are the normal mode spring constant and effective
mass of the cantilever, respectively; F{, and w are the amplitude and angular frequency
of the driving force, respectively; and finally () and wy are the quality factor and angular

resonance frequency, respectively.

In the absence of the tip-sample interaction Fis(z) = 0, the natural resonant fre-

quency (or fundamental eigenfrequency) of the cantilever with damping is given by:

1 8373%t
3.12
Jo= 27T m* 4\/—7TL2V ( )

where k£ and m* are the normal mode spring constant and effective mass of the can-

tilever, respectively. For rectangular cantilevers, f; can be written in terms of the length,
L, and thickness, ¢ of the cantilever and the Young’s modulus, Y and density, p of the
material of the cantilever. Similarly, the normal mode spring constant of the cantilever

can be expressed as: \
Ywt
k= TR (3.13)
where w is the width of the cantilever.[106] In principle, the spring constant can be de-
termined from these parameters, or measured directly (see table 3.2 for specific values
of the cantilevers used).[107, 108] However, in FM-AFM, k varies by orders of magni-
tude during one oscillation cycle and a more complicated approach, utilizing canonical

perturbation theory, is needed to calculate the frequency shift.[13, 98]

Quality Factor The resolution of an AFM is dependent on the quality factor of the vi-
brating cantilever. The quality factor (Q-factor) of an AFM cantilever is a dimensionless
parameter that describes the damping coefficient of the cantilever. It characterizes the
bandwidth of the resonance curve [A(f)] relative to its resonant frequency (f). A higher
Q-factor indicates a low rate of energy loss relative to the stored energy of the oscillator

(or cantilever).[109] The Q-factor of the cantilever is defined as the ratio between the
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cantilever’s resonant frequency and its frequency change. It is measured directly from
the resonance frequency curves, recorded here using a lock-in amplifier, see figure 3.11

and 3.13, using:
Q= fo _ f°. (3.14)
FWHM  fy,—fa

In air, the Q-factor of the cantilever can reach several hundreds. However, in vacuum,

due to the decrease of viscous friction, the Q-factor can be on the order of 10*.

Amplitude changes, used for imaging in AM-AFM, occur at a timescale of:

Tam = ——. (3.15)
Jo
Although using high Q-factor cantilevers in AM-AFM reduces noise, they consequently
make imaging slow. For example, in UHV with a Q-factor cantilever (Q ~ 50,000) at
a resonant frequency of 50 kHz, a reliable amplitude measurement will take 2 seconds,
making slope detection unsuitable for most vacuum applications.

The FM mode has achieved increased sensitivity through the use of higher Q-factor
cantilevers without any restrictions on bandwidth. As in the case for AM-AFM, tip-
sample interactions cause changes to the resonance frequency of the cantilever and in
FM-AFM the resonance frequency is directly measured to produce an image. Unlike
AM-AFM, the timescale for changes in the eigenfrequency of the cantilever in FM-
AFM does not depend on the Q-factor and responds according to:

1
TrMm %]70 (3.16)
Therefore, high Q-factor cantilevers, and consequently high scan rates, can be used in
FM-AFM.[110]

3.1.3 Frequency Modulation Atomic Force Microscopy (FM-AFM)

Frequency modulation AFM has proven to be a more accurate way of controlling and
thereby minimizing probe-sample forces. Unlike tapping mode, it relies on instanta-
neous changes in the cantilever oscillation (its resonance frequency) and it allows a
clear separation between elastic and dissipative interactions.[110] It is the method of
choice for AFM in ultrahigh vacuum, where atomic resolution has been achieved on

many different surfaces.[98]

Furthermore, as described above, the cantilever oscillates at its resonant frequency

with a constant amplitude, Ay. A feedback loop generates the driving signal of the
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cantilever oscillation. The a.c. signal coming from the cantilever motion detector is
amplified, phase shifted and then used as the excitation signal. The amplification is
adjusted by an automatic gain control (AGC) to keep the vibrational amplitude constant
(see block diagram of FM-AFM in figure 3.3). The topographical images in FM-AFM
represent a map of constant frequency shift over the surface. This is because during
the scan, the tip-sample distance is varied in order to achieve a set value for Af. The
measured frequency variation A f; at the first resonance frequency of the cantilever f;
is approximately proportional to the force gradient given by:

Afi 1 OF 1 0F

— =yl + = — -1 = — —, 3.17
T e % 52 G17
where F'is the force acting on the cantilever and £ is the cantilever spring constant.[98,
111, 112] The minimum force gradient detectable in FM-AFM, shown by Albrecht et
al.[110], depends on the cantilever parameters (stiffness k and quality factor Q) and the
detection bandwidth B, and is given by:

, §F Ak (ksT) B
F.o=— =, |/ 3.18

where A2 is the mean-square amplitude of the driven cantilever vibration and k T is the
thermal energy at temperature 7. B is the FM detector bandwidth (in our case, ~ 2 kHz),

which is given by Carson’s rule:
B =~ Q(A + fmammod)a (319)

where A is the deviation of the frequency setpoint and [, moq 1S the maximum modu-
lation frequency.[113] Practically, B is a measure of the scanning speed, in which a small
B implies long acquisition times. For example, a 10 nmx 10 nm image with 512x512
pixels at a scan speed of 40nm-s~! (4 lines per second), implies B=4x512~10°Hz
bandwidth. This shows that essentially, AM and FM modes have the same sensitivity
with the same set of parameters. However, in FM mode, the sensitivity can be increased
by using high Q-factor cantilevers.

As seen in figure 3.3, there are two fundamental feedback systems in FM-AFM, am-
plitude and frequency regulation electronic feedback loops. The amplitude regulation
feedback loop maintains a constant vibrational amplitude of the AFM cantilever. On
the other hand, the frequency regulation feedback loop tracks and maintains a constant
frequency shift by adjusting the z-position of the AFM tip. The frequency shift is the

difference between the cantilever’s oscillation frequency and the user—defined setpoint
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FIGURE 3.3: Omicron VT AFM schematic, refer to Figure 3.4 for more details to the
beam deflection principles.

frequency. As discussed in more detail in the next section, the oscillation of the can-
tilever is monitored by the movement of a laser that is reflected onto a position sensitive
diode (PSD). After which, a pre-amplifier amplifies the signal from the PSD where the
amplitude signal of the cantilever’s oscillation feeds directly into the amplitude regu-
lation feedback loop. The amplitude regulation feedback loop consists of a positive
feedback amplifier, a phase shifter, and proportional/integral output gains. These are
used to detect an amplitude peak and subsequently generate an excitation signal for the
cantilever’s oscillation. The frequency regulation feedback loop consists of a multiplier,

band pass filter (455 kHz) and frequency demodulator, where an intermittent frequency
method is used for frequency evaluation.

Vibrational Amplitude As Giessibl stated in [11], there are six parameters needed to
characterize an FM-AFM experiment:

(a) the spring constant of the cantilever £,

(b) the eigenfrequency of the cantilever f,

(c) the quality factor of the cantilever @),

(d) the oscillation (or vibrational) amplitude Ay (Ayp),
(e) the frequency shift of the cantilever A f,

(f) the bias voltage between the tip and sample V;,.

It has been shown for a wide range of experimental conditions that two of the key pa-

rameters, listed in section 3.1.3, that are freely chosen; the oscillation amplitude Ay and
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the frequency shift A f, may in fact be combined into what has been termed the ‘nor-
malized frequency shift’ for oscillation amplitudes that are large compared to the range
of the tip-sample force (A > -y), implicating that the tip should only interact mainly
with short-ranged forces (close to the surface). Whereas for small amplitudes, the fre-
quency shift is independent of the vibrational amplitude. Instead, it is proportional to
the tip—sample force gradient. The normalized frequency shift parameter is in many
ways a more useful physical quantity by which to compare experiments, since it essen-
tially provides a standardized measure of how close the tip approaches to the sample.
The normalized frequency shift v [98] is defined as:

kA3/2
Jo

It is also a useful nondestructive method for calibrating the cantilever’s physical os-

(2 A4) =

Af(z, A). (3.20)

cillation amplitude with respect to the electrical excitation applied to the piezoelectric
actuator, since, as mentioned, it provides a “fixed point” against which the physical

position of the tip may be measured as the oscillation amplitude is varied.[114]

However, a second method was also used to determine the physical cantilever ampli-
tude, based on calculating the amplitude from the PSD setpoint for the Omicron VT
AFM from:

27 APSD) (3.21)

Ay = 2 oy tan =
b= Shor bl (360 521,

where [, Apsp, and I, is the length of the cantilever in nm (determined from the
manufacturer in table 3.2, amplitude from the PSD in volts, and the total intensity of the
PSD in volts, respectively. Both Apgp and I;,; can be user-controlled through Omicron
Matrix software.

3.1.3.1 Beam Deflection

The first AFM used by Binnig and coworkers, used an STM tip on the backside of the
cantilever to measure deflections.[95] While this method was potentially sensitive, it
was practically problematic. The most widely used method to measure the deflection of
the cantilever is by detecting a laser beam reflected off the back of the cantilever onto
a position sensitive diode (PSD). In the beam deflection setup, used in this thesis, the
deflection of the cantilever is tracked by a continuous wave (cw) infrared laser (830 nm),
at a power < 7mW. An optical fiber passes the beam through the base flange, threading
through the scanner piezo tube, and up to the AFM stage, where it hits the cantilever

such that it is deflected onto a four quadrant position sensitive photo diode, as seen
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FIGURE 3.4: Working principle of the Omicron beam deflection AFM. Clamping

block is used for low temperature studies with a cooling sample holder. Please note:

sample is facing down. Basis for image modified from Omicron®.

in 3.4!, at maximum intensity. The laser beam position is adjusted by controlling the
coarse and fine movements of two mirrors. The PSD yields various different signals, a
normal force signal, Fy, moves the reflected beam vertically and a lateral force signal,
F., moves the reflected beam horizontally across the PSD. These signals are adjusted
according to cantilever specifications, because the manufacturing tolerances allow a
rather large variation in the vertical positioning Fy . In addition, large area photodiodes
typically have a bandwidth limitation and in our system the limitation of the PSD is
approximately 500 kHz.

3.1.3.2 Self-Oscillation Loop

The scheme for our Omicron VI-AFM employs an analogue electronic system, in-
volving self-excitation, automatic gain control (AGC), a FM demodulator and a phase
shifter.[112] The output of the phase shifter that follows AGC is used as an excita-
tion signal of the cantilever in order to properly track the resonance frequency. If the
phase shift ¢ between the mechanical excitation generated at the actuator is ¢ = 7/2
(as seen in figure 3.5), the loop oscillates at f = f,. Thus, a change in the resonance
frequency A f and the control signal of the AGC as a measure of tip-sample dissipa-
tion can be observed.[115] The self excitation setup has a high intrinsic stability for
stochastic changes of the tip-sample force due to instabilities of the positions of the
atoms involved in the tip-sample interaction. However, the self excitation setup has

limitations concerning noise, particularly when using small amplitudes. It is confined

'"Omicron NanoTechnology GmbH www.omicron.de
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FIGURE 3.5: FM-AFM: by maintaining a constant -7/2 phase shift between the can-
tilever and the excitation signal, the resonance frequency of the cantilever under the
external force provided by the tip-sample interaction can be tracked.[112]

to excitation of fundamental mode, except if used with an adjustable narrow bandpass
filter.[116-118] This is important for application with Kelvin probe force microscopy
at the second resonant frequency of the cantilever.[119]

3.1.3.3 Damping Signal

In NC-AFM, dissipative (or damping) forces take place in which a part of the work
done by the forces upon the AFM cantilever is lost, ie. converted into heat. Therefore,
it is common in NC-AFM imaging to use an additional feedback loop to maintain
a constant amplitude of oscillation by modifying the drive signal. In this case, the
change in drive signal required to maintain the constant amplitude of the cantilever is
often interpreted as being related to the energy dissipated per cycle of the cantilever

oscillation [11, 12, 120]:
A /
By, = FEy | — — = 22

where Fy, is the dissipated energy, A and Ay is the amplitude of the drive signal required
to maintain the amplitude setpoint during imaging and far from the sample, respectively.
Ey is the intrinsic damping of the cantilever and is given by:

7wk A2
Q b

where k£ and () are, as before, the normal spring constant of the cantilever and the

Ey = (3.23)

intrinsic quality factor of the oscillator, and A is the amplitude which is maintained
constant. The damping signal value must stay positive, as it is a regenerative loop.[120—
123].
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3.2 Kelvin Probe Force Microscopy (KPFM)

Sir William Thomson, later known as Lord Kelvin, the renowned Scottish scientist,
first postulated the Kelvin method in 1898. He presented a public lecture to the British
Institution entitled “the contact electrification of metals.”’[124] His method was straight-
forward and simple. Two conducting materials are allowed to come into electrical con-
tact. Any flow of charge from one material to the other is monitored. Lord Kelvin used
two large metal plates of zinc and copper and a gold leaf electroscope to demonstrate the
surface charging effect. He showed that a potential is generated between the surfaces of
two conductors when they are brought into electrical contact. Further modification of
his original setup, including the introduction into vacuum, was made in 1932 by William
A. Zisman at Harvard University.[125] Zisman mounted a vibrating reference tip over
a surface. He noticed that as the tip vibrates the output voltage varies periodically. The
peak-to-peak measured voltage depends upon the difference between the contact poten-
tial and the external voltage. The major improvement of this new method is that the
surfaces do not need to touch each other. Therefore, only very weak electric fields are
required, which are not likely to influence the electrical or chemical structure of the
material. Over a century later, Lord Kelvin’s original idea is a widely used method for

material research.

Kelvin probe force microscopy (KPFM) was introduced as a noncontact variant of
AFM in 1991 by Nonnenmacher et al.[126] Differing from Zisman’s method, KPFM
is a scanning probe technique where the potential offset arising from a capacitance
between a probe tip and a surface can be measured, instead of measuring the current.
Since the AFM tip provides only a small area, the resulting currents would be too small
for a reasonable detection. The tip, when in close vicinity of the surface, is used as a
reference electrode that forms a capacitor with the surface as it is scanned over it. The
capacitance junction forms a drops in potential, called the contact potential difference
(CPD).

KPFM is often used to measure the work function of the surface of materials with
high spatial resolution.[127] The concept of work function (¢), in its simplest defini-
tion, is defined as the minimal amount of energy needed to remove an electron from
its electronic ground state within a given material. In a metal, the work function ¢, as
described by the free electron model, is defined as the difference in energy of an elec-
tron in the vacuum state and an electron at the Fermi energy, as seen figure 3.6(a). In
materials such as semiconductors and insulators, the work function ¢ is regarded as the
difference in energy of an electron in the vacuum state and in the most loosely bound
electrons in the solid.[101, 128]
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A modulating bias voltage, V., plus a DC voltage, V., is applied between the can-
tilever and the surface.
Viias = Ve + Vaesin (wt) . (3.24)

As the tip approaches the sample, the total potential difference between the tip and the
sample is expressed by:

Vis = (Vae £ Vepp) + Viesin (wt) . (3.25)

The difference (4) is dependant upon whether the bias (V) is applied either to the
sample (+) or to the tip (-).[129] In order to derive an expression for the electrostatic
force between the tip and the sample, we assume a parallel plate capacitor geometry
(other geometries can be considered, but require more complicated models, such as
that described by Nony et al. for atomic contrast KPFM [130]), in which the energy is
expressed by:

1

where Cy; is the capacitance between the tip and surface, which is influenced by the
geometry of the tip and surface.[104, 131] The modulation bias, V., generates oscil-
lating electrical forces. The V. nullifies the resulting oscillating electrical forces that
originates from the contact potential difference (CPD) between the tip and surface. The

resulting electrostatic force can be written as:

Fes(t) - T

= Vi (3.27)

Subsequently, the electrostatic forces can be expanded into three spectral components
[132], as follows:

50153 1 2 VaQC
ch - 5z 5 (‘/dc + VCPD) + 4 (328)
0C} s
F, = 5t (Ve £ Vepn) Viesin(wt) (3.29)
z
60C,s V2
F,, = 5; ZC cos(2wt). (3.30)
By compensating the contact potential, in which V;. = Vpp, the first harmonic F,

nullifies the electrostatic force, with a frequency at w, and is used to measure the CPD.
Consequently, the dc part of the force, F}., is proportional to V2 resulting in a minimal
static force and a constant bending of the cantilever. The second harmonic contains the
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capacitance gradient 6C}s/dz and can therefore be used to perform capacitance spec-
troscopy at wo.[133, 134]

However, KPFM directly measures the contact potential difference (CPD) between
the conductive AFM cantilever and the sample. When the bias V. is applied to the tip,
the relationship between the CPD and the work function is defined as:

Verp = M7 (3.31)

el

where ¢y, and @gqmpie are the work functions of the tip and sample, respectively, and e
is the electronic charge (-1.60219 x 10719 C).

FIGURE 3.6: Energy levels of the sample and AFM tip for three cases: (a) the tip and

sample are separated at a distance d with no electrical contact, (b) the tip and is in

electrical contact with the sample, and (c) an external bias (Vp¢ ) is applied between

the AFM tip and sample in order to nullify the CPD and, therefore, the tip-sample force.

E, and E; are the vacuum energy levels and the Fermi energy levels of the sample and
tip, respectively.

The basic principle of KPFM relies on when an AFM tip is brought close to the sample
surface. In which case, due to the differences in their Fermi energy levels, an electrical
force is generated between the AFM tip and the sample surface. Figure 3.6 shows the
energy level diagram of the tip and sample surface when ¢y, is greater than @sqmpie.
Figure 3.6(a) depicts the energy levels of the tip and sample surface when separated
at a distance d. In this case, they are not electrically connected and the vacuum levels
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are aligned but the Fermi energy levels are different. When the tip and sample surface
are close, equilibrium requires the Fermi levels to line-up. Upon electrical contact,
the Fermi levels will align through electron current flow. The system will reaches an
equilibrium state, as depicted in Figure 3.6(b). Both the tip and the sample surface
will be charged. Here the Fermi energy levels of the tip and the sample are aligned
but the vacuum energy levels are no longer the same. This forms a Vepp between the
tip and sample. This results in an electrical force that acts on the contact area between
the tip and sample, due to the Vepp. As shown in figure 3.6(c), this force is thereby
nullified by applying an external bias (V,.) with the same magnitude as the Ve, but
with an opposite charge. This applied voltage eliminates the surface charge. The applied
external bias (V) used to nullify the electrical force (due to the Vpp) is proportional

to the work function difference between the AFM tip and sample.

Lift-mode Operation Practically, KPFM can be operated in two ways: lift-mode and
single-pass mode. In lift-mode KPFM, the measurements of the topography and CPD
are separated by scanning over the surface in two distinct tracing steps, usually in ambi-
ent conditions. The first trace measures the sample topography, while the second trace
measures the CPD, thus minimizing any cross-talk effects between their signals. During
the second trace, the tip is lifted up over the same line at a preset lift height distance
from the sample surface. Normally the set lift height is in the range of 10 —50 nm. Thus,
the CPD measurements are based on long-range electrostatic forces. The mechanical
driving signal is turned off so that the cantilever is driven by an external bias, equation
3.24, where V.. is usually 2—-5 V. Most lift-mode KPFM configurations set the electri-
cal driving frequency w, to the resonant or mechanical driving w,, frequency used in
the first trace. However, he two-pass technique requires twice more time for imaging.
Another disadvantage is that a remote position of the probe is needed during the sec-
ond pass. This reduces the resolution and sensitivity of electric imaging. Furthermore,
by working in air, adsorbates contaminate the surface, resulting in a modified work
function.[135]

However, topography and electrostatic measurements can be made simultaneously in
the single scan operational mode. This approach has definite advantages compared to
the lift-mode or two-pass mode: the improved sensitivity, higher spatial and energy res-
olution and a reduced experiment time. Additionally, to obtain absolute work function
values, operation in ultrahigh vacuum (UHV) is essential. Within the single pass mode,
the CPD can be measured using two different techniques: frequency modulation (FM-
KPFM) and amplitude modulation (AM-KPFM). The electrostatic force can be detected
either via A f(w;) in the frequency modulation or A(ws) in the amplitude modulation

mode, as described hereafter.
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3.2.1 Electrostatic Force detection using AM or FM KPFM

Le
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FIGURE 3.7: Predicted geometry, effective length, effective static stiffness, and reso-
nant frequency for the first (a) and second (b) flexural modes of a rectangular cantilever,
excluding effects associated with the mass and position of the cantilever tip.[12]

The UHV-KPFM was developed by Kikukawa et al. in 1995.[136, 137] AM mode
KPFM measures the electrostatic force F; directly from the amplitude of the cantilever
oscillation at the second resonance frequency ws (seen above in figure 3.7) induced by
Vepp and V,.. The second resonance frequency peak is used for CPD measurement
because the sensitivity of the potential measurement is improved at the ac frequency
ws.[138] A vibration amplitude-frequency characteristic of a cantilever used for AM-
KPFM including the second resonance frequency fs is shown in figure 3.13. Typically,
the second resonance peak is broader than the first and the amplitude and ()-factor is less
than one-third. The less sensitive resonance frequency shift, due to forces acting upon
the cantilever, also occurs at the second frequency. Thus the first resonance is employed
for tip height control and the second for CPD measurement.[137] The limiting factor in
the AM mode is the bandwidth of the photodiode used for detection of the cantilever
oscillations. Due to the maximum bandwidth of approximately 500 kHz in our setup,
as previously described in section 3.1.3.1, the stiffest cantilevers used in the AM mode
have a first resonance frequency in the range of 60 — 80 kHz. Therefore, due to cantilever
geometry, the second resonance frequency is in the range of 380 —450 kHz, where f5 ~
6.3 fi.

A block diagram of the KPFM schematic within the FM-AFM scheme is shown in
figure 3.8. In the AM mode, the normal force signal Fy passes through a band pass
filter, where it is separated into two. The low frequency goes to the z regulator for
the topography imaging. The high frequency (CPD measurements) is fed directly into
the lock-in amplifier. After which, the lock-in amplifier reference signal voltage output
(OSC out) is used to apply V. to the tip. The signal is subsequently fed to the Kelvin
probe control unit (KPCU), where it measures the CPD and applies a V. offset to nullify

the lock-in output signal.
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FIGURE 3.8: Schematic diagram showing FM (red) and AM (blue) KPFM modes
within an FM-AFM system, as shown in figure 3.3.

In the FM mode, the applied ac voltage V,. induces a modulation of the electrostatic
force. This is detected by the oscillation at w of the frequency variation of f;. In order to
reduce crosstalk, the topographical signal is separated from the V' ¢», measurement by
modulating V. at a higher frequency, on the order of several kHz, than the bandwidth of
the topography feedback.[139, 140] The measured signal is approximately proportional

to the force gradient, deduced from equations 3.17 and 3.29, in which:

oF,

0z

2

= fizg (Vae — Verp) X Viesin(wt), (3.32)

Afl (w) XX

in which the frequency w is chosen in an appropriate range. The lower limit is dic-
tated by an increasing cross-talk to the topography signal in which the tip-sample dis-
tance oscillates at w. The upper limit is dictated by the bandwidth of the frequency
demodulator.[138]

Glatzel et al. plotted the amplitude at w of the oscillation of A f; and the oscillation of
the piezo-voltage U, that controls the tip-sample distance, seen in figure 3.9. It is clear
that with increasing frequency w the cross-talk with the topography signal decreases but
also the signal intensity of the electrostatic force decreases due to the restricted band-

width of the frequency demodulator.[138] Typically, modulation frequencies are used
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FIGURE 3.9: Restrictions in FM-KPFM. Dependance of the frequency shift A f; and

the height control signal of the topography U, at the frequency w of the ac voltage.

Taken from [138] where the measurements were obtained with a Park Scientific Instru-
ments’ Si cantilever on a HOPG substrate.

in the range of 1-3 kHz. Glatzel concludes that this behavior is independent of the type

of cantilever.

3.2.2 AM vs. FM KPFM

Since ac voltages contribute quadratically to the topography signal (see equation 3.28)
and on semiconducting samples a voltage induced band-bending is possible [141], ac
voltages as low as possible are used. In the AM mode, the main benefit of using the
second resonant detection is the very high sensitivity even using a modulation bias V.
as low as 100 mV peak-to-peak. While in the FM mode, ac voltages of 2 V peak-to-peak

are necessary for sufficient sensitivity.

Theoretically, the AM-KPFM spatial resolution is not as high as in FM-KPFM, be-
cause in FM-KPFM the frequency shift of the cantilever oscillation is used to detect the
force gradient.[138, 142] In AM-KPFM, long range interactions from the sample causes
an electrostatic interaction both on the tip and the cantilever. As a result, the averaging
effect from the tip and cantilever reduces the spatial resolution of AM-KPFM. However,
AM-KPFM has been demonstrated to record atomic scale resolution [143], suggesting
that short-range interaction forces become significant in both modes of KPFM at the
nanometer regime. Therefore, the spatial resolution limitation of AM-KPFM is the
same as FM-KPFM.[130] This will be discussed in detail in chapter 4.

The force gradient (used in FM-KPFM) has a shorter detection range than the force
itself (used in AM-KPFM)), as seen in the inter-atomic force distance curve in figure 3.2.
In the attractive regime, the force gradient (which is the derivative of the force distance

curve) becomes larger when inter-atomic distance is small. However, as the tip-surface
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distance increases, the force gradient becomes insignificant. Therefore, most of the
detection in the FM mode takes place at the tip apex, suggesting that the detection
of the electrostatic force gradient is short-ranged detection. Therefore, in theory, the
spatial resolution in the FM mode is approximately equal to the dimension of the tip

apex.

Furthermore, in AM-KPFM the energy resolution of V cpp, 1s higher than in FM mode.
Measurements in the AM mode detect V ¢pp from the resonance peak of the oscillating
cantilever. This greatly enhances the signal-to-noise ratio [130, 141], with a typical

energy resolution of 5 meV.

Contrary to AM mode, FM-KPFM does not rely on soft cantilevers, but allows the
use of stiff cantilevers with spring constants in the range of several tens of N/m. The
decreased sensitivity of stiff cantilevers is partially compensated by the possibility to
approach closer to the surface where the force gradient is larger. Furthermore, stiffer
cantilevers provide a more stable topographical imaging.[142] Meanwhile, the energy
resolution is usually a few 10 meV and the scan speed is limited by a rather large noise
signal as compared to the AM mode (in most cases, a 20 dB damping plug is needed to

reduce input amplitude due to a lock-in overload).

Frequency Modulation | Amplitude Modulation
Vae[138, 144, 145] 2V 100 mV
Jmoal138, 144, 145] 1-3kHz =/,
Cantilever Force Constant 42N-m~! 2.8N-m!
Energy Resolution[138, 145] >10meV SmeV
Spatial Resolution[130, 146] ~ tip apex same as FM

TABLE 3.1: A comparison of the principle parameters and achievable resolutions in
FM and AM KPFM. Sub-nanometer spatial resolution of both FM and AM KPFM is
observed in [145, 146, 146].

Table 3.1 lists the principal parameters and achievable resolutions in AM and FM
KPFM. The force constant of the cantilever in AM-KPFM is governed by bandwidth
limitation of the PSD. Also, the modulation frequency f,,,q in FM-KPFM is governed
by the bandwidth limitation of the frequency demodulator.
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3.2.3 Cantilevers

For this thesis, four types of cantilevers were primarily used. The characteristics from

the manufacturer are displayed in table 3.2. A scanning electron microscope (SEM)

was used to image the cantilever and tip apex of the SSS and Ptlr; coated cantilevers,
the types used in this thesis, see figure 3.10 and 3.12.

) Force Resonance Tip
Length | Width
Mode Type Constant Frequency | Radius
(pm) (pim)
(N-m~1) (Hz) (nm)
NC-AFM 125+5 | 30+£5 | 21-78,42 | 250 -390, 320

SSS <5,2

Topography 2254+ 10|28 +7.5(105-9.5,2.8| 45-115,75
FM-KPFM | PtIrs* | 1254+ 10| 30£7.5| 10-130,42 | 204 —497, 330 35

—_— <
AM-KPFM | coated Si | 225 +10 |28 +7.5|0.5-9.5,2.8 | 45-115,75

TABLE 3.2: Cantilever characteristics from Nanosensors

T

M with red numbers indicat-

ing nominal values. Additionally, the thickness of SSS and Ptlrs cantilevers are ~4
and 3 pum, respectively. *25 nm thick double layer of chromium and Ptlr5 on both sides

of the cantilever.

(a)

(b)

(c)

FIGURE 3.10: SEM image of Nanosensor’s Super Sharp Si cantilever (a), zoom of
the tip (b), and tip apex (c), with the red circle indicating 10 nm diameter. Image (c)

reproduced from Nanosensors

™
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FIGURE 3.11: Resonance frequency curve and phase for a SSS tip. The Q-factor was
measured using equation 3.14. Q ~ 35,000.

() (b)

FIGURE 3.12: SEM image of Nanosensor’s Ptlrs coated Si cantilever (a) and zoom of
the tip apex (b) with a 32 nm diameter, indicated by the red bars.

Tip Preparation The Ptlr; coated Si cantilevers, purchased from Nanosensors, were
used for KPFM measurements as conductive tips were mandatory for high resolution
imaging.[144, 147] AFM tip preparation was performed in-situ in a separate UHV
chamber following a similar procedure to those reported for high resolution AFM and
KPFM.[147] Ptlr5 coated Si tips, used for KPFM, were thermally annealed at 300°C for
3 hours. Super sharp Si (SSS) tips were treated by combining argon sputtering, the appa-
ratus seen in figure 3.19, at ~5 keV for 15 minutes and subsequently thermally annealed

300°C for 3 hours, suggesting that the oxide layer was completely desorbed.[148, 149]
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FIGURE 3.13: First, fi = 56,813 Hz, (a) and second, fo = 365,593 Hz, (b) resonance
curves for a Ptlrj tip. The Q-factor was measured using equation 3.14.
Qy, ~ 32,000, Qy, ~ 11,000.

3.3 Photoelectron Spectroscopy (PES)

In this thesis, photoelectron spectroscopy (PES), sometimes referred to as photoemis-
sion spectroscopy, was used in conjunction with KPFM for quantitative measurements
of samples. PES allows a comparative measurement of the work function ¢ through
ultraviolet photoelectron spectroscopy (UPS) and analysis of surface composition (in-
cluding surface contaminates) through x-ray photoelectron spectroscopy (XPS), which

is also called electron spectroscopy for chemical analysis (ESCA).

The phenomenon of photoemission was first detected in 1887 by Heinrich Hertz.[150]
Hertz observed and then showed that electrodes illuminated with ultraviolet light create
electric sparks more easily. In the following years, experiments were refined to explain
the nature of photoemission, such as the thorough investigation by Philipp Lenard in
1902 when he observed that the energy of individual emitted electrons increased with
the frequency.[151]. In 1905, Einstein was able to explain their systematics by invoking
the quantum nature of light.[152, 153]

The photons of a light beam have a characteristic energy determined by the frequency
of the light. When radiation with energy &/ = hv, where h is Planck’s constant and v is
the frequency of radiation, is incident on a metal surface, photoelectrons are produced,
provided that hv > ¢,, where ¢, is the work function of the sample.[154] If the pho-
ton energy is too low, the electron has insufficient kinetic energy to overcome the work
function of the sample. Increasing the intensity of the light beam increases the num-
ber of photons in the light beam, and thus increases the number of electrons excited.
However, the energy that each electron possesses is not affected. The electrons emitted

have a characteristic energy that does not depend on the intensity of the incoming light,
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but only on the energy or frequency of the individual photons. If the sample is at earth
potential, electrons ejected from a state with binding energy FEj, are emitted from the

sample with a true kinetic energy F; given by:
Ey = hv — E, — ¢, (3.33)

where ¢, is the work function of the sample. A schematic spectrum of electrons ejected
by X-rays or UV radiation is shown in figure 3.15. The energy distribution of the emitted
electrons has a high and low energy cutoff regions. The low energy cut off is at Fj, = ¢,
as described above. The high energy cut off occurs when electrons are ejected from the

Fermi energy, where Ej, is defined to be zero (at Ej, = hv - ¢,).
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FIGURE 3.14: Image of the Omicron EA 125 electron spectrometer setup and through

the view-port within the UHV chamber showing a tiltable sample (a) and schematic

diagram of the concentric hemispherical analyzer (CHA) with an Omicron DAR 400
twin-anode high intensity x-ray source and HIS 13 ultraviolet photon source (b).

The emitted electrons pass through the first lens element and then are retarded by an
amount Rz, determined by lens voltage, before entering the analyzer. The lenses enable
two operating modes: constant retard ratio (CRR) and constant analysis energy (CAE).
In the CAE mode, the electric field in the analyzer, and thus the analyzer pass energy,

is kept constant, and a variable retarding voltage is applied to the deceleration element
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in the transfer lens of the concentric hemispherical analyzer (CHA), seen in figure 3.14.
In this way, only electrons that leave the sample with a certain energy F are allowed
to pass through the analyzer before they can be detected. By recording the number
of detected electrons as a function of the retarding voltage the electron spectrum is
obtained. Alternatively, with CRR mode, the electrons are slowed down by an amount
which a constant ratio of the electron energy to be analyzed. The retard ratio, k, is

defined as:
~ @

k =~
E’

p

(3.34)

where E, is the pass energy. Since the spatial divergence of the electron trajectories in
the analyzer increases with decreasing pass energy, the energy resolution in the CRR
mode is proportional to the detected energy, whereas in the CAE mode the energy reso-
lution is constant over the entire spectrum. In other words, the CRR mode gives constant

resolving power and the CAE mode gives constant energy resolution.[155]

XPS UPS
e ? ? ? Source

A A

Energy

CL

FIGURE 3.15: Schematic representation of the processes involved in XPS and UPS:

(a) x-ray and ultraviolet photons kick out an electron in the core level (CL) and valence

band, respectively, and (b) a pictorial schematic displaying an increase near-surface

sensitivity for the escape depth, d, based on the IMFP )\, of electrons by adjusting the

tilt of the sample, @, according to equation 3.36. VBM: Valence band maximum. CBM:
Conduction band minimum.

The analyzer is a band pass filter, where only electrons with energy very near to the
pass energy I, are transmitted, which are then stopped in the detector. Therefore, elec-

trons which have been transmitted by the analyzer with a retardation R have a kinetic
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energy of:
E, =R+ E, +¢, = hv — E, (3.35)

where ¢, is the work function of the analyzer, with a typical value in the range of 4.2—
4.8 eV. In this work, the work function of the analyzer was calibrated using a clean
Au(111) surface, ¢a, =5.3 eV s0 that @apaiyser ~ 4.28 €V. Note that this is independent
of the sample work function ¢,.[155]

Angle Resolved PES (AR-PES) Additionally, the photocurrent, produced from pho-
tons from a PES experiment that impinge upon a surface, is a function of the depth
(relative to the surface) within a sample. Neglecting elastic scattering events, the elec-
tron inelastic mean free path (IMFP) can be defined as the distance over which the
probability of an electron escaping without a significant energy loss drops to e~ ! of its

original value. Therefore, the photocurrent can be described as:

—d
I = Iye <A COS(H)> (3.36)

where ) is the electron IMFP within the material, 6 is the take-off angle measured from
the sample normal, /; is the incident current and d is the escape depth, as seen in figure
3.15. For a given electron energy, varying the emission angle changes the effective mean
escape depth. So as the emission angle () is increased, cos(¢) decreases, the analyzed
region becomes more surface localized and the surface sensitivity is increased. This
can also be used to determine the thickness of a deposited thin film (provided that the
spectra are acquired before and after deposition of the deposited film).[154, 156, 157]
Typically, for a photon energy of about 1400 eV (used in XPS) impinging the surface at
90°, ejected electrons from depths greater than 10 nm have a low probability of leaving
the surface without undergoing through an energy loss event. Therefore, if escaped and
subsequently detected, they would contribute to the background signal rather than well
defined peaks.[158]

An example of an angle-resolved XPS spectra on a Si(100) substrate, with the native
oxide intact, is shown in figure 3.16. The two peaks shown are for Si 2p surface oxide
(left, ~104 eV) and the elemental Si substrate peak (right, ~100eV). It is clear that data
recorded at ~45 ° favors the surface oxide layer, while at ~90 ° the elemental substrate
is dominate.[158]
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FIGURE 3.16: Angle resolved Si 2p spectra showing an increase in near-surface sen-
sitivity for the escape depth, d, of electrons by adjusting the tilt of the sample, 0,
according to equation 3.36.

Concentric Hemispherical Analyzer (CHA) The actual selection of the electron
energy or speed is done through an electrostatic analyzer, in this thesis a concentric
hemispherical analyzer (CHA). In a CHA, an electrostatic field is applied between an
inner and outer hemispheres. Electrons injected through the entrance slit tangentially
to the median hemispherical surface with an energy equal to that of the pass energy, are
transferred from the entrance slit to the detector. They then describe a circular trajectory
within the median hemispherical surface. The potential difference between the hemi-
spheres determines the pass energy. The voltages on the inner and outer hemispheres
are given by:

Ry
‘/inner - E 2— — 1 337
2 (252 1) (3.37)
Vouter = Ep <2 & - 1) (338)
Ry

where R, is the median radius of the electron orbit and R; and R, are the radius of
curvature for the inner and outer hemispheres, respectively, as seen in figure 3.14.
The radius and the width of the slits at the analyzer entrance and exit determines the
energy resolution of the CHA. Electrons are transferred from the sample to the en-
trance slit via electrostatic lens. The electron optics in the transfer lens assembly also
contain an element that retards or accelerates electrons of a given energy to the pass
energy.[155, 157, 159] Typical parameters for XPS and UPS measurements are given in
table 3.3.

A variety of photon sources are used in PES studies, comprising the standard Mg Ko /
Al Ko twin anode laboratory source (used in this thesis and shown in the Figure 3.14),
monochromated anode sources, UV lamps, or synchrotron light sources.[160] Depend-
ing on the source of excited radiation, PES is also called ultraviolet photoelectron spec-

troscopy (UPS) or x-ray photoelectron spectroscopy (XPS) (electron spectroscopy for
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Pass |Effective*| Kinetic | Calculated
E lit E | Step | Dwell
Technique nersy, St nersy anatyser size | time
E, width range, |resolution, @) | )
eV) (mm) E; (eV) AE (eV)
XPS
50 6 100 - 1500 1.5 0.5 0.2
Broadscan
XPS
20 6 20 0.6 005 0.5
Narrowscan
P
UPS 5 1 0.5 0.03 0.002 1
Fermi Edge

TABLE 3.3: Analyzer operating parameters and resolution. *Average of both the en-
trance and exit slit widths.

chemical analysis (ESCA)[161]).

3.3.1 Ultraviolet Photoelectron Spectroscopy (UPS)

Ultraviolet photoelectron spectroscopy (UPS) refers to the measurement of the kinetic
energy spectra of photoelectrons ejected from a material by the ultraviolet photons.
UPS was developed by David Turner at Imperial College in the 1960’s, after the devel-
opment of XPS.[162] Using a Helium lamp emitting at hv=21.22eV (He I radiation)
or hv=40.8 eV (He II radiation), only photoelectrons emitted from the valence band or
shallow core levels are accessible, as seen in figure 3.15. Therefore, deep core elec-
tron levels cannot be excited. Although it can be used to study band structure, in this
thesis, it is dedicated as a comparative measurement technique to KPFM to quantify
the work function of the material.[163] UPS measures the lowest work function patch
on the surface, even it is only a small fraction of the surface.[164] The work function
is calculated from the UPS spectrum by subtracting the energy of the incident beam
from the difference between the Fermi edge and the low-energy cut-off of secondary
electrons.[165, 166] From the UPS spectra, one can calculate the work function of the
sample by:

¢s = hv — (B — Ey), (3.39)

where I/ and F; is the energy of the secondary electron cutoff and the Fermi energy,
respectively.

Vacuum Ultraviolet (VUV) Source The high intensity UV source (HIS 13) provided
by Omicron is principally a cold cathode capillary discharge lamp. There is a win-

dowless connection between the discharge area and the target sample within the UHV
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chamber, as seen in figure 3.14(a). The discharge current is electronically stabilized and
the lamp is water cooled to allow for a high discharge current (up to 300 mA). When
a potential is applied to the ends of an insulating tube, filled with highly pure He gas
(99.999 %) at a pressure of about 1 mbar, a spontaneous breakthrough occurs leading to
continuous discharge. Additionally, due to the source being continuously pumped with
gas, a differential pumping system is needed in order to maintain a pressure in the range
of 107 to 107!Y mbar when the lamp is in operation. The differential pumping system
requires the use of 3 oil based roughing rotary pumps and 2 turbomolecular pumps.

3.3.2 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photelectron spectroscopy (XPS) is used in research, development and manufac-
turing. This technique is able to obtain the chemical composition of various material
surfaces up to 1 nm depth. Most of the elements can be detected except hydrogen.
XPS was developed in the mid 1960’s by K. Siegbahn and his research group in Upp-
sala, Sweden.[161] K. Siegbahn was awarded the Nobel Prize for Physics in 1981 for
his work in XPS. For every element, there is a characteristic binding energy associated
with each core atomic orbital, so that each element will give rise to a characteristic set
of peaks in the photoelectron spectrum at kinetic energies (or corresponding binding
energies) determined by the photon energy. Therefore, peaks at particular energies in-
dicate the presence of a specific element in the sample under study. A database of the
energies of many photoelectron and Auger-electron spectral lines is available from the
National Institute of Standards and Technology (NIST)?.

X-ray Source The Omicron DAR 400 twin-anode high intensity x-ray source, shown
in the Figure 3.14, contains an Al/Mg twin-anode which is bombarded by electrons
emitted from a filament that is held at ground potential. The anode is positively bi-
ased up to ~15keV, in this way accelerating nearby electrons towards it. These elec-
trons produce core holes in the anode target, either from an Al K« (E, =1486.6¢V,
FWHM=0.85eV)or MgKa (E, =1253.6 eV, FWHM =0.7 eV) target material, by elec-
tron impact ionization. The vacancies can relax by emission of characteristic x-rays that
illuminate the sample. The observed line width is a consequence of the different x-ray
lines contributing. A thin Al-window prevents secondary and backscattered electrons to
reach the sample. Since considerable power is dissipated in the anode (100-1000 W),
the anode needs to be water cooled and must therefore be a good heat conductor (e.g. a
metal). The anode top is silver coated to prevent Cu x-rays ghost lines from complicat-
ing the spectra when the anode material gets thin over time.

National Institute of Standards and Technology (NIST) X-ray Photoelectron Spectroscopy Database
srdata.nist.gov/xps



Chapter 3. Experimental Techniques 55

3.4 Equipment Summary

Hemispherical
electron UPS and XPS source
spectrometer

Kelvin Probe 7 Channel
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AFM
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FIGURE 3.17: Omicron ultrahigh vacuum scanning probe microscope setup.

Omicron VT SPM  The Omicron VT SPM is a commercial UHV microscope capable
of both STM and AFM operation. An image of the UHV setup and control computers
is shown in figure 3.17, combined in-situ with XPS and UPS analysis, as well as sam-
ple annealing. It is capable of covering a temperature range from 25 K to 1500 K, and
uses dedicated sample plates for different temperature ranges, as seen in figure 3.18(c).
The scanner tube has a scan range (xyz) of 10 um x 10 ym x 1.5 ym. The tips are ex-
changeable in-situ. It uses remote controlled mirror motors for beam adjustment and
a position sensitive photo diode detector. Operation modes include contact mode with
normal force/lateral force detection and non-contact modes (NC-AFM, KPFM). It is
also equipped with a long focal length optical microscope for sensor navigation. It is

vibrational isolated using an internal eddy current damping system.

Most of the work in this thesis was carried out using standard 15 mm X 18 mm stain-
less steel sample plate, which allows a maximum sample size of approximately 11 mm
x 11 mm. All cantilevers were mounted on an exchangeable tip carrier, as seen in figure
3.18. The SPM was controlled using an Omicron Matrix control unit, a multi-processor
modular unit. Data management was performed using Omicron vernissage software,

and data treatment was performed using WSxM software.[167]
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FIGURE 3.18: Omicron VT SPM with eddy current vibration isolation system (a),
standard 15 mm x 18 mm stainless steel sample plate (b), VT sample plate with mod-
ified top plate for temperature readout at the sample (c), and a cantilever mounted on

an exchangeable tip carrier (d). All images taken from Omicron?.

‘I;"j 7T
Pleparation '
Chamber -

h

—JArgon Iori = «
Sputtering

Gun ey

FIGURE 3.19: Image of the loadlock, preparation chamber and Argon ion sputtering
gun setup (a). Image from Omicron? of the ISE 5, used as the Argon sputtering source.

3.4.1 Ultra-High Vacuum (UHV)

In order to achieve sufficient vacuum for UHV SPM operation, various pumps were
used, as seen in table 3.4. Samples were placed into the loadlock, seen in figure 3.19,
which was first pumped with a rotary roughing pump and a turbomolecular pump in or-
der to bring the vacuum down to ~10~8 mbar, in which case the sample was transferred
into the preparation chamber. A turbomolecular pump employs multiple stages of rotors
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to give gas enough momentum to guide it to the exhaust, thus creating a vacuum capable
of pressures down to ~10~8 mbar. The preparation and analysis chambers were pumped
down to UHV using both an ion and titanium sublimation pump. An ion pump works
by ionizing gases within a strong potential field, between 3—7kV, in order to accelerate
them into a solid cathode. Thus, a net pumping action is created capable of reaching
pressures down to ~10~ ! mbar. An ion pump is important for use with scanning probe
microscopy because there are no moving parts and there is no need for oil. Therefore,
they are clean and low-maintenance, and most importantly, produce no vibration. How-
ever, over some time, due to the operational mechanism of an ion pump, a fraction of
the energetic gas molecules are able to escape the cathode. Thus, the vacuum degrades
over time. Therefore, in order to maintain UHYV, especially throughout the course of
several months where no break in UHV is required, a titanium sublimation pump (TSP)
is employed. A TSP is simply a titanium filament placed just above the ion pump within
both chambers, close to bare chamber walls. When a sufficiently high current, typically
~48 Amps, passes through the filament, titanium is sublimated into the chamber. The
gaseous titanium atoms have a very short mean free path within the vacuum and are de-
posited onto the nearby chamber walls. The clean thin film of titanium on the chamber
walls is highly reactive. When the residual gases within the chamber, including hydro-
gen but not noble gases, come into contact with the titanium on the chamber walls, they
react to form a stable product. Typically, in our setup, a clean film of titanium was de-
posited every 32 hours. Thus, a net pumping action is achieved capable of pressures as
low as in the high 10~'? mbar range. Additionally, both of the TSPs in our setup consist
of 3 filaments, due to the finite lifetime of the filament.[159, 168] Table 3.4 summarizes

types of pumps needed to achieve the corresponding pressure.

Pressure (mbar) Pump

Atmospheric pressure 1,013.25

Medium vacuum > 1073 Roughing pump
High vacuum > 1077 Turbomolecular pump
I d
Ultra-high vacuum > 10712 on pump an

Titanium sublimation pump

TABLE 3.4: Common vacuum levels and pump needed to achieve it.






KPFM on Bulk Heterojunctions:
Surface Photovoltage & Space Charge Region

KPFM on Bulk Heterojunctions Review

Results on a Nano-Phase Segregated P3SHT:PCBM OPV

e chapitre présente les résultats obtenus par microscopie a sonde de Kelvin sur

des couches minces optimisées du tandem photovoltaique P3HT:PCBM présentant
une séparation de phase aux échelles nanométriques. Nous montrerons qu’une image
claire des deux réseaux interpénétrés formés par les matériaux donneur et accepteur
d’électrons peut étre obtenue en combinant la topographie au signal de dissipation.
Nous expliquerons comment nous avons pu mettre en évidence de maniere directe la
photo-génération des porteurs aux interfaces donneur-accepteur, en réalisant des im-
ages du potentiel de surface avec une résolution nanométrique, et en comparant les

contrastes obtenus dans le noir et sous éclairement.

n this chapter, Kelvin probe force microscopy has been applied to a high efficient
“‘N nanoscale phase segregated photovoltaic blend of P3HT:PCBM. Topography and
damping images reveal the surface morphology of the interpenetrated network, clearly
resolving each component of the blend. Direct visualization of the of the carrier genera-
tion at the donor-acceptor interface has been accomplished by resolving KPFM images
of the blend in dark and under illumination at the nanoscale.

59
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owadays, a great deal of attention is focused on organic solar cells with the

goal of making them a competitive low cost alternative to conventional silicon-

based photovoltaic devices.[2, 3] While organic photovoltaic device perfor-
mances have undoubtedly improved, silicon-based cells still remain the most afford-
able, performance-efficient forms of solar energy conversion on the market today. De-
spite their fundamental difference in the charge-generation processes, there are many
key operational concepts that can be used to describe the operation of silicon-based and
organic photovoltaic devices. In the following, two key concepts are briefly introduced:
the surface photovoltage and the space charge region.

4.1 Surface Photovoltage (SPV)

The surface photovoltage (SPV) can be defined as the change of potential of a semi-
conducting surface due to charge carriers generation under illumination. Illumination-
induced changes in the surface potential can be analyzed using the conventional con-
tactless Kelvin probe.[169, 170] More recently, Kelvin probe force microscopy has been
applied for local investigations of the SPV both in the case of inorganic and organic
semiconducting thin films and devices. SPV in photovoltaic blends is defined as the
processes of photon absorption and exciton dissociation and the presence of opposite
charges in the electron acceptor and donor phases which leads to local changes in sur-
face potential (SP). As the work function of the metallic AFM tip does not change under
illumination and therefore, the surface photovoltage [169—171] is deduced from:

le] - Viepp(Light) = @tip — @sampie(Light)
le] - Viepp(Dark) = @rip — Puampie(Dark)
Peample (Light) — Puample(Dark) = V cpp(Dark) — Vepp (Light) - |e]
= SPV = A@..mpie(Light—Dark). 4.1)

KPFM is nowadays widely applied to investigate the SPV of various kinds of semicon-
ductors and devices. As an example, it has been used to gain a deeper insight in the work
function modification induced by surface states. In the case of CGSe thin films, Glatzel
et al. showed that the work function differs for untreated, annealed, and sputtered sam-
ples, revealing the influence of surface states on the local electronic properties.[172]
Combining SPV and KPFM is highly useful to quantify the band bending resulting
from surface states, and determine the best surface preparation procedure.

Space Charge Region (SCR) In semiconductor physics the space charge region (also

referred to as the depletion region) is an insulating region where the mobile charge
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Surface { SCR: Bulk Surface { SCR: Bulk

(a) Dark (b) Nluminated

FIGURE 4.1: Two energy band diagrams illustrating SPV. In dark (a), surface defects

cause the formation of a space charge region (SCR) where the conduction band that is

the origin of majority carriers is bent away from the Fermi level at the surface. Under

illumination (b), the influx of minority carriers screens surface charges and flattens the

bands. The SPV is the change in potential at the surface due to illumination. Image
recreated from Alison Chaiken at HP Laboratory.

carriers have diffused away or been forced away by an electric field. In response to
the varying electric field in that region, band bending is closely associated to that phe-
nomenon, seen in figure 4.1. The SCR can be used to describe the physics at the surface
of a thin film or at the interfaces between two different semiconductors. In the first case,
the electric field in the SCR causes excess electrons to be swept away from the surface.
This serves to reduce the density of surface trapped electrons and decreases the band-
bending.[169] Within a solar cell, it is generally regarded as the area between the p and
n doped materials (or in organic photovoltaics, the donor and acceptor materials).[173]
According to Brabec et al., efficient charge separation in an OPV occurs close to the
donor-acceptor (D/A) interface, either within the exciton diffusion path or within the
space charge region, due to the molecular nature of the heterojunction. Therefore, pho-
toexcited states created far from the D/A interface recombine prior to diffusing to the
heterojunction.[174]

4.2 KPFM on organic solar cells

Understanding the relationship between local film morphology, processing parameters,
and device performance is critical if efficiencies are to be improved. A wide range of
characterization techniques can provide complementary information about the effects of
processing on the BHJ film morphology that paints different sections to the overall pic-
ture. KPFM is a powerful noncontact technique for studying these systems, especially
the band offset, electronic surface properties, and transport properties at the surface.
KPFM provides a noninvasive measurement of the surface potential (SP) distribution in
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photovoltaic devices. The SP of a sample is regarded as the work function of the sample
by taking into account effects due to the surface polarizability as well as band bending.
By analyzing the local potential at donor-acceptor interfaces, KPFM can determine the
space charge width with high accuracy.[175-177] Furthermore, in the case of thick or-
ganic layers (d > 100 nm) the influence of the underlying substrate can normally be

neglected.

2um

FIGURE 4.2: KPFM images of thin films of FSBT/PFB blends on top of the ITO anode

prepared by spin coating in a saturated solvent atmosphere. Topography (a) and surface

potential measured in the dark (b) and illuminated with a 7 mW-cm™—2 473 nm laser

(c). Regions marked 1, 2, and 3 are, respectively PFB-rich, “bulk” and “interfacial”
F8BT-rich phases. Image adapted from reference [17].

In the past decade, KPFM has been widely applied to investigate BHJ OPVs. Chiesa
et al. have investigated all-polymer BHJ solar cells composed of FSBT:PFB! donor/ac-
ceptor blends, as seen in figure 4.2.[17] By directly showing the presence of a capping
layer at the polymer/air interface which blocks the transport of photogenerated elec-
trons to the surface, they suggest that charge trapping effects limit the efficiency of their

devices.

Samori and coworkers studied blends of PDI/P3HT? using KPFM in dark and under
illumination.[176, 178, 179] Although excitons are generated by light absorption in all
the PDI clusters, their results prove that only the ones which are in physical contact
with P3HT matrix exhibit an appreciable charge transfer because of the existence of a
complementary electron donor phase. In addition, the KPFM results on submonolayer
thick polymeric bundles of the electron-accepting PDI wires and bundles of electron-
donating P3HT chains was shown to exhibit nanoscale photovoltaic activity.

They have also studied all-thiophene photovoltaic blends, composed of TSOHM?
oligomers as the electron acceptor and P3HT as the electron donor. They performed
time resolved measurements revealing the dynamics of charging and discharging within

the donor and acceptor domains of the blend.

'F8TB: poly-(9,9’-dioctylfluorene-co-benzothiadiazole) / PFB: poly-(9,9'-dioctylfluorene-co-bis-
N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine)

2PDI: perylenebis(dicarboximides) / P3HT: poly(3-hexylthiophene)

3TSOHM: 3"-methyl-4"-hexyl-2,2":5",2":5" 2"":5"" 2" _quinquethiophene-1",1"-dioxide
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Martens et al. investigated organic BHJ solar cells comprised of MDMO-PPV:PCBM*
as the donor/acceptor materials.[180] These investigations showed that the phase sepa-
rated domains had different electronic properties than the matrix, specifically showing
a reduction of the work function of PCBM clusters. PCBM, when compared to the
electron donor (in this case MDMO-PPV), is a good electron conductor and a less ef-
fective hole conductor. Therefore, PCBM should have a reduced work function under
illumination. Hoppe and coworkers have used KPFM in conjunction with SEM to ex-
amine the active layers of 1:4 MDMO-PPV:PCBM spincast from chlorobenzene and
toluene.[16, 181] Locally resolved SPV measurements, as well as annealing studies,
helped to identify the distribution of PCBM and MDMO-PPV in only the toluene-cast
films, as seen in figure 4.3.

Topography Work Function
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FIGURE 4.3: Topography and work function of a (a) chlorobenzene and a (b) toluene-
cast blend film of MDMO-PPV/PCBM, measured in the dark and under 442 nm cw
laser illumination. Image adapted from reference [16].

Their results showed that casting from toluene produced a thin layer on top of the
film that prevented electron propagation to the electrode. The presence of the poly-
mer skin layer around the fullerene clusters represents a severe loss mechanism of
the photocurrent for two reasons: a) electrons, which are accelerated to the top alu-
minum electrode, have to penetrate this hole-rich layer and suffer recombination and
b) holes in the polymer skin, which survive the recombination by the electrons in the
polymer skin, would have to travel too far around the fullerene clusters to reach the
hole collecting PEDOT:PSS electrode. On the other end, it was impossible to resolve

“*MDMO-PPV: poly-[2-(3,7-dimethyloctyloxy)-5-methyloxy]- para-phenylene-vinylene / PCBM:
[6,6]-phenyl-Cg; -butyric acid methyl ester
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the nanophase segregation in chlorobenzene cast films, neither in the CPD nor in the
topography images.[182]

Maturova et al. have studied a similar MDMO-PPV:PCBM system and have found
evidence of electron accumulation in both the polymer rich and fullerene phases.[18]
Combining their data with a drift device model, they concluded that lateral electron

transport can be a limiting process.

Recently, Su and coworkers have characterized hybrid solar cells based on P3HT: TiO4
nanorod BHJ blends.[183, 184] Unlike Hoppe and coworkers on MDMO-PPV:PCBM
BHIJs, Su and coworkers conclude that simply changing the processing solvent does not
yield better performances. Instead, a change of the surface ligands on the TiO, nanorods
has a dramatic effect on the power conversion efficiency. Their results indicate that
the function of ligands not only assists the separation and transport of charge carriers,
but also reduces the recombination of charge carriers very effectively.[184] Likewise,
they also conclude that a TiO; nanorod layer deposited on top of the active region can

selectively collect electrons while blocking holes near the electrode.[183]

Last, Liu et al. have reported results on P3BHT:PCBM BHIJs incorporating single
walled carbon nanotubes (SWCNT) [185, 186] based on a previous report by Su and
coworkers on multi-wall CNTs blended within a P3HT film.[187] However, Su and
coworkers results made it hard to distinguish the nanotubes from the P3HT matrix be-
cause the nanotubes imbedded within the polymer may not have been exposed at the
surface. Therefore, Liu et al. have incorporated the SWCNTSs by coating them on top of
the active layer. Their results indicate that SWCNTs act as an electron donor material,
increasing hole mobility when compared to PEDOT:PSS.

In summary, it was shown that KPFM is a useful technique to probe the electronic
surface properties of BHJ solar cells and thin films. However, most of these reports have
shown that it is difficult to establish a straightforward relation between the molecular
energy levels of the donor and acceptor domains and the CPD measured by KPFM.
In most cases, band bending effects should be taken into account, which requires an
appropriate modeling. So far, a clear picture taking into account band bending both at

the organic electrode and at the donor/acceptor interfaces is still missing.

Another issue concerns the current limits of resolution of the KPFM technique when
applied to BHJ organic thin films. So far, to the best of our knowledge, the nanophase
segregation in optimized samples has not been resolved even when combining nc-AFM
and KPFM in UHV. This limited the application of KPFM to case studies, using samples
with large scale phase segregation, as in the case of the films studied by Chiesa and
coworkers in figure 4.2 [17] and by Hoppe and coworkers in figure 4.3.[16]



Chapter 4. KPFM on Bulk Heterojunctions 65

4.3 KPFM on an optimized P3HT:PCBM blend

In the field of polymer-based photovoltaic cells, P3BHT and PCBM (chemical structure
seen in figure 4.4) remain amongst the most studied active tandem materials. In the last
10 years, power-conversion efficiencies (PCE) have been continuously improved, start-
ing from relatively modest PCE values up to approximately 5%, as seen seen in figure
2.7.[188] Even if some new polymers exhibit much higher performances, P3HT:PCBM
remains a benchmark to study the relationship between the morphology and device per-

formances.

P3HT PC,,BM

FIGURE 4.4: Chemical structure of P3HT and PCgyBM.

4.3.1 P3HT:PCBM BHJ sample preparation and characterization

For this study [189], P3BHT:PCBM OPYV devices were obtained from Professor Bernard
Ratier and coworkers at the Université de Limoges. In order to optimize the sample
morphology, Ratier and coworkers varied the concentration of the active layer com-
ponents in the liquid phase before film deposition.[190] Following that process, they
obtained optimized blends exhibiting both slow recombination and high photocurrent
generation associated with an overall power conversion efficiency (7.) of 4.25% under
100 mW-cm~? illumination.

Our optimized sample was composed of a 100 nm thick film of P3BHT:PCBM blended
in a 1:0.8 mass ratio, issued from two solutions in chlorobenzene whose concentration
are 30 and 24 mg/mL, respectively. The active layer was spin coated on an indium
tin oxide (ITO) coated glass substrate with a 30 nm thick topcoat layer of poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS). The cathode was an alu-
minum layer (100 nm thick) deposited by vacuum evaporation onto the surface of the
P3HT:PCBM film. The sample geometry can be seen in figure 2.9.

A post deposition annealing was performed on the complete device on a hot plate un-
der an inert atmosphere at 100°C for 10 min. The annealing conditions were optimized

such that the device performances improved dramatically, consistent with the picture
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that better polymer chain ordering within the film allows for higher charge carrier mo-
bility. In other words, the higher cell efficiency is attributed to thermally induced mod-
ification of the morphology by inducing P3HT crystallization and improving transport

across the active layer-electrode interface.[190]
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FIGURE 4.5: (a) Absorption spectra (red) and IPCE (blue) of annealed P3BHT:PCBM

(1:0.8) film at 100°C for 10 minutes. Laser illumination at 532 nm (green-dashed line).

Image modified from reference [190]. (b) Experimental schematic depicting KPFM
imaging under 532 nm (green) laser illumination.

The absorption spectra of the annealed films revealed peaks at 336 nm, due to the
PCBM, and at 512, 554 and 604 nm, due to the P3HT. The incident photon to current
efficiency (IPCE) of photo-generated charge carriers are given by the ratio between the
number of electrons produced in the outer circuit and that of incident photons. The
IPCE increased significantly after annealing and revealed peaks at ca. 540 nm. This
indicates a peak charge carrier mobility. Absorption spectra and IPCE measurements,

modified from reference [190], are shown in figure 4.5a.
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4.3.2 NC-AFM Topography Imaging

FIGURE 4.6: (a) P3BHT/PCBM TM-AFM topography in ambient conditions, modified

from reference [190]. (b) P3BHT/PCBM TM-AFM phase image in ambient conditions,
adapted from reference [5]. Images (a) and (b) 500 nmx 500 nm. (c) TM-AFM height
image of a P3HT/PCBM composite films (5 pm x5 pum), adapted from reference [4].

To the best of our knowledge, few AFM-based reports have been able to clearly re-
solve the nanoscale morphology of optimized P3HT:PCBM blends. Figure 4.6b is a
TM-AFM phase image of an optimized blend by Heeger and coworkers, clearly reveal-
ing both components.[5] However, a previous work by Loos and coworkers [68], using
electron tomography (a transmission electron microscope based technique) revealed the
3-dimensional nanoscale organization in the photoactive layers, in which the nanoscale
networks form high crystalline order and favorable concentration gradients of P3HT

and PCBM through the thickness of the photoactive layer, as seen in figure 2.11.

In this work, a comparable level of resolution was achieved by using FM-AFM. A typ-
ical FM-AFM image of the P3BHT:PCBM surface is shown in figure 4.7 and at higher
magnification in figure 4.9a. At the mesoscopic scale, the active layer displays a flat
surface with an effective roughness of less than 1 nm, consistent with previous AFM
investigations in ambient conditions on this sample.[190] At smaller scales, seen in fig-
ure 4.9a, well-defined features are clearly visible emerging from the background in the
form of elongated objects with the majority having moderate aspect ratios (typically
from 2:1 to 4:1) and lengths from ten to a few tens of nanometers. From the comparison
with aforementioned electron-tomography images reported on similar samples [68], we
attribute these objects to P3HT nanocrystallites, formed upon the post deposition an-
nealing performed at a moderate temperature. In our case, the mean length of the P3BHT
nanofibers is smaller than the one previously reported by Loos et al., consistent with
the difference in the annealing processes (100°C for 10 min, instead of 130°C for 20
minutes).[68] The UHV FM-AFM image in our report [189] displays a morphology in
which the P3HT concentration may be somewhere in between the ones revealed through

electron tomography, as seen in figure 4.8.
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FIGURE 4.7: (a) FM-AFM (UHYV, 300K) 3D topographic image (500 nmx500 nm,

600x 600 pixels) of the P3HT:PCBM sample (A f = -19 Hz, A,;; = 44 nm, scan speed

= 50 ms per pixel). The rms roughness is 0.66 nm. (b) Topographic profile from image
(a) in which the z-values correspond to the gray line in the image.

FIGURE 4.8: (a) Electron tomography of a P3HT:PCBM sample close to the surface

as spin-casted. (b) FM-AFM (UHYV, 300K) 2D topographic image of the P3BHT:PCBM

sample used in this report (A f =-19Hz, A,;;, = 44 nm, scan speed = 50 ms per pixel).

(c) Electron tomography of a P3BHT:PCBM sample close to the surface after thermal

annealing 130°C for 20 minutes. All images 500 nmx500 nm. Images (a,c) modified
from reference [68].
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The nature of the P3HT and PCBM networks becomes even more obvious if one con-
siders the damping images [33], which can be used to fully comprehend images (Figure
4.9b) by incorporating the 3D topography (z-levels) with dissipation data (color). The
damping contrast is affected by the local chemical nature at the surface, and higher val-
ues are recorded over the P3HT crystallites. In a mechanistic picture, one may assume
that a higher energy is dissipated in the tip-surface interaction over the most flexible
component of the blend. However, a detailed modeling of the damping interaction
would be needed for a quantitative analysis, as described in a previous report.[120] The
exact mechanism at the origin of the damping may be more complex, and would require
complementary investigations and modeling beyond the scope of this work. Further-
more, the composite images suggest the presence of nearly buried P3HT crystallites,
partially or totally covered by an ultrathin layer of PCBM, giving rise to a slight damp-
ing contrast. In summary, this is in very good agreement with what is commonly ex-
pected for these blends [68, 190] with a phase segregation at a scale on the order of 10

nm.

FIGURE 4.9: (a) FM-AFM (UHY, 300K) 3D topographic image (250 nmx250 nm,

300x300 pixels) of the P3BHT-PCBM sample A f =-19 Hz, A,;, = 44 nm, scan speed

= 50 ms per pixel). (b) Composite image of topography (z-levels displayed in (a))

and damping signal (color). The damping level is lower over the stiffer PCBM. The

blue and red-blue arrows in (a) and (b) pinpoint an emerged and nearly buried P3HT
crystallite, respectively.
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4.3.3 Kelvin Probe (CPD) Imaging
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FIGURE 4.10: FM-AFM (UHY, 300K) 2D images (300 nm <300 nm, 300300 pixels,

Af=-29Hz, A,;p =30 nm, scan speed = 100 ms per pixel) of the PRHT:PCBM sample

recorded in dark of the topography (a), damping (b) and FM-KPFM work function (c)
using the “FM-KPFM” cantilever described in table 3.2.
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FIGURE 4.11: FM-AFM (UHYV, 300K) 2D images (250 nmx250 nm, 300 x 300 pixels,

Af =-19 Hz, Ay, = 44 nm, scan speed = 50 ms per pixel) of the P3BHT:PCBM sam-

ple recorded in dark. (a) topography, (b) damping, and (c) work function calculated

from the Kelvin compensation potential. The dark-blue arrow in (a) indicates a P3HT

crystallite. A nearly buried P3HT crystallite (partially or totally covered by a ultrathin
layer of PCBM) is outlined in black.

To investigate the surface electronic properties with sub-10 nm resolution, compara-
tive frequency modulated KPFM (FM-KPFM), seen in figure 4.10, and amplitude mod-
ulated KPFM (AM-KPFM), seen in figure 4.11, measurements have been carried out.
Frequency modulated KPFM images were recorded in dark, with the view ports covered
and the ion gauge turned off, using Ptlr; coated Si cantilevers at a resonant frequency
of 338 kHz, a modulation frequency of 1.3 kHz, and at a scan rate of 100 ms per pixel
(10 nm-s~1t), which corresponds to an imaging time of 5 hours per image. The scan
speed was limited primarily due to a rather low signal to noise ratio. Therefore, a high
frequency shift setpoint (close tip-sample distance) of -29 Hz was used in combination
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with a 20 dB damping attenuator in order to reduce input amplitude. FM-KPFM was
first used because of the assumption that AM-KPFM resolution may suffer as a result
of the sensitivity to the electrostatic force, rather than the force gradient used in FM-
KPFM.[142, 191] A lower work function level is associated to P3HT crystallites, also
seen in the AM-KPFM measurements. Although FM-KPFM was able to distinguish
features at the nanoscale, the signal was quite noisy (as seen in the work function image
in image 4.10) and hard to stabilize through the course of the long imaging process.
Therefore, with the goal to improve resolution and stability, AM-KPFM was employed.

To begin AM-KPEFM investigations, in order to calculate the local work function of the
sample surface, according to equation 3.31, the Ptlr; cantilever tip had to be calibrated.
KPFM data was collected on a set of reference samples including Pt, Al, and Ru thin
films deposited by PVD on Si substrates provided by D. Mariolle and N. Chevalier from
LETI-MINATEC (CEA, Grenoble), who also confirmed the value of the Ptlrs; mean
work function by comparative KPFM measurements. A work function (¢;) of 5.3 + 0.1
eV was obtained for the Ptlr; cantilever, which is consistent with the values reported
from several other works for Ptlrs-coated cantilevers.[192] However, as tip changes can
occur between measurements on different samples, the work function scales may be
shifted by a few hundred of meV.

Amplitude modulated KPFM images were first recorded in dark, with the view ports
covered and the ion gauge turned off, using Ptlr; coated Si cantilevers (as described in
table 3.2) at a resonant frequency (f,) of 61.3 kHz and at a scan rate of 50 ms per pixel
(~17 nm-s~1), which corresponds to an imaging time of ~7 hours per image based on
an image recorded with dimensions 500x500 pixels. The scan speed in AM-KPFM
was limited primarily due to the large quality factor of the cantilever in UHV, which
means that the measured amplitude changes are slow (according to equation 3.15). The
modulation frequency ( f,..q) Was tuned to the second resonance frequency at ~6.3 f, =
392.324 kHz. Based on previous experimental [20, 21] and theoretical [21] investiga-
tions of sub-nanometer KPFM contrast, the lateral resolution was gradually improved
by progressively reducing the tip-surface separation (i.e. lowering Af). An optimal
lateral resolution was achieved when the tip-surface separation (or A f) at a constant
physical amplitude is slightly lower than the onset of damping contrast. This implies
a non negligible contribution of short-ranged electrostatic (SRE) forces, which will be
discussed in the forthcoming chapter 5.[21] The optimization process reveals a spatial

resolution of a few nm in the CPD (presented here in terms in work function) images.
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4.3.3.1 In Dark Contrast
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FIGURE 4.12: (a) Histogram distribution of the work function values extracted from
KPFM images in dark and under illumination at 532 nm. P3HT (blue), PCBM (red in
dark). (b) Simplified flat band energy diagram.

The KPFM images recorded in dark, as seen in figure 4.11, reveal a one-to-one cor-
respondence of the topography (figure 4.11a) and the damping image (figure 4.11b),
which were recorded simultaneously. A lower work function level, in average approxi-
mately 4244 mV, is associated to P3HT crystallites.

The magnitude of the full scale contrast in dark of approximately 200 mV is consistent
with previous KPFM reports on organic blends described previously [16—-18], as well
as FM-KPFM data, described above in figure 4.10. The mean work function level is
remarkably close to that expected for the bottom PEDOT:PSS electrode (ca. 5.2 eV).

The bottom hole collecting anode is composed of a 30 nm thick layer of PEDOT-PSS,
whose work function can be as high as 5.2 eV [193], coated onto an ITO covered glass
substrate whose work function is ca. 4.7 eV [194].

As described by Maturové and coworkers, the presence of charges in dark are thought
to be absent in these pristine, undoped organic semiconductors, and the SP should be
determined by the work function difference between the tip and the PEDOT:PSS bot-
tom electrode.[18] However, the HOMO levels of the donor and acceptor materials
are aligned with the Fermi level of the bottom electrode, as expected from a flat band
model depicted in figure 4.12b. By diffusion, charge carriers will penetrate into the
organic layer from the bottom PEDOT-PSS/ITO electrode, causing band bending.[195]
As a result, the surface potential is shifted accordingly.[18] However, such a picture
cannot fully account for the existence of a dark contrast between the donor and acceptor
components of the active layer.
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Following the conclusions of that previous report [18], we attribute the “in dark”
contrast between P3HT and PCBM to band bending of the donor-acceptor blend at the
PEDOT:PSS interface. In the relatively thin (~100 nm) blend, the lower work function
detected over P3HT is consistent with the relative position of the energy levels in the
system.[196, 197]

4.3.3.2 Effect of Illumination
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FIGURE 4.13: Histogram distribution of the work function values extracted from

KPFM images in dark and under illumination at 532 nm. The Gaussian curves ob-

tained from the decomposition of the histograms have been accordingly attributed to

the contributions from the P3HT (blue), PCBM (red in dark, light blue under illumina-
tion), and at the D/A interfaces (green under illumination).

The choice of wavelength for illumination was based on the absorption spectra and
IPCE data, see figure 4.5a and reference [190]. A well-defined peak in both data mea-
surements occurred at roughly 530 nm. Therefore, for this study, continuous-wave (cw)
laser illumination at a wavelength of 532 nm was chosen using a commercial diode-
pumped solid state laser at 5 mW, with an effective intensity on the surface of the order
of 50 mW-cm 2.

It is noteworthy to mention that the spot width of the AFM detection laser (wavelength

A = 830 nm) is approximately 20 pm and therefore the sample is not illuminated by
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the AFM laser because it is effectively blocked by the cantilever (width ~ 28 pm).
In addition, the AFM detection laser wavelength (A = 830 nm) falls well above the
absorption band spectra for the P3BHT:PCBM blend, as seen in figure 4.5a.[190]

Topography

(b) Damping (c) Work Function

3.8nm [ENTREENNNT 5.19eV

FIGURE 4.14: (a-f) FM-AFM (UHYV, 300K) 2D images (250 nmx250 nm, 300x300
pixels, A f = -19 Hz, A,;;, = 44 nm, scan speed = 50 ms per pixel) of the P3HT:PCBM
sample recorded in dark (a-c) and under illumination at 532 nm (d-f). (a,d) topogra-
phy, (b,e) damping, and (c,f) work function calculated from the Kelvin compensation
potential. For a direct comparison, the z-values have been coded by using the same
color scales in (a,d), (b,e), and (c,f). The dark-blue arrows in (a-c) indicate a P3HT
crystallite. The dark arrows in (d-f) pinpoint the interface between an emerging P3HT
crystallite and the surrounding PCBM. A nearly buried P3HT crystallite (partially or
totally covered by a ultrathin layer of PCBM) is outlined in black.

The surface potential is dramatically modified under illumination at 532 nm, as shown
in figure 4.13 and by the comparison between figure 4.14c and f, which present KPFM
images recorded at the same location before and under illumination. As a proof of the
stability of the system, one can easily establish a good correspondence between the
full set of images in dark and under illumination in figure 4.14. Both the topography
and damping images remain unchanged after illumination. The absence of artifacts is
also apparent in Figure 4.16a, which displays an image for which the top and bottom
halves have been recorded in dark and under illumination, respectively. From the work
function histograms (Figure 4.13a and b), it can be clearly seen that there is a redistri-
bution of spectral weight toward lower values at 532 nm, revealing a net accumulation

of negatively charged carriers at the surface.
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FIGURE 4.15: FM-AFM (UHYV, 300K) composite image (275nmx275nm,

330x330 pixels) of topography (z levels) and Work function image under illumination

at 532nm. The color code has been selected to highlight some specific features. The

blue arrow pinpoints the location of the interface between an emerging P3HT crystal-

lite and the surrounding PCBM matrix. The bicolor red-blue arrow highlights a second

kind of interface, between a nearly buried P3HT crystallite and its ultrathin PCBM
capping layer.

We underline that a global negative shift of the work function has also been re-
ported by Glatzel et al. in the case of nanophase segregated MDMO-PPV:PCBM
blends.[16, 171] In this work, this effect was also confirmed by carrying complementary
investigations on novel BHJ blends, as shown in the appendix A.

More precisely, the mean work function decreases strongly over the PCBM domains
and to a lesser extent over P3HT crystallites, which can also be seen on the profile
given in Figure 4.16b. Remarkably, under illumination, a well defined work function
level is associated to the donor—acceptor interfaces, which appears either in the form
of “halos” surrounding the emerging P3HT crystallites or as patches over the nearly
buried interfaces (Figure 4.14f and Figure 4.15). The 1:1 correlation between the donor—
acceptor interfaces and this signal can be confirmed by combining the topographic (or

damping) and Kelvin signals (an example is shown in Figure 4.15).



Chapter 4. KPFM on Bulk Heterojunctions

76

FIGURE 4.16: (a) FM-AFM (UHYV, 300K) work function image (150 nmx 150 nm,
600x 600 pixels, Af =-17.6 Hz, A,;; = 43.4 nm, scan speed = 35 ms per pixel) of
the P3BHT:PCBM sample recorded in dark (top half) and under 532 nm illumination
(bottom half). The perimeters delimiting the levels higher than 5.35 eV are highlighted
in light blue (under illumination only). (b) Work function profiles corresponding to the
magenta and red cross sections in (a), four selected locations along the magenta path
are indicated in the image (1 and 4 over P3HT, 2 and 3 over PCBM). The mean width
of the “halos” at the D/A interface is estimated, either from the profiles or from an
analysis of the area-perimeter ration based on the levels over 5.35 eV, to be ca. 4 nm.
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4.3.4 Surface Photovoltage
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FIGURE 4.17: (a) Calculation of the surface photovoltage (SPV) image (154 nmx 154

nm, 185185 pixels) from the difference between the work function images under

illumination and in dark of the P3HT-PCBM sample Af = -19 Hz, A,;, = 44 nm,

scan speed = 50 ms per pixel). (b) Histogram of the SPV values calculated from the

SPV image, where the mean value is ca. -30 mV. The scale of the SPV image can be
corrected by applying a global positive shift of +30 mV.

To clarify the origin of the work function changes, the surface photovoltage (SPV)
has been calculated (Figure 4.17) as the difference between the work function under il-
lumination and in dark.[16] This highlights that the PCBM network becomes negatively
charged, while the SPV is only partially positive over P3HT crystallites. Remarkably,
the mean level of the SPV histograms (~-30 mV) corresponds exactly to the location of
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the donor—acceptor interfaces (Figure 4.17), where a neutral potential would have been
expected.

This result is confirmed by the analysis of KPFM images at the highest magnifica-
tion, where local contrasts can be analyzed with a resolution of a few nm. Figure 4.19
was recorded over a P3HT crystallite while switching on the illumination at mid scan.
An uninterrupted work function profile can be extracted at the donor-acceptor interface
from the dark to illuminated states, revealing clearly the -30 mV shift, seen in figure
4.19. This suggest a better electrical and topological (as shown by TEM experiments
[68]) connection between the P3HT and the bottom electrode, due to the HOMO align-
ment with the PEDOT:PSS Fermi level and to a favorable concentration gradient of the
P3HT through the film thickness. The resulting net transfer of positive charges to the
back contact (connected to the ground in our setup) leads to a global negative shift of
the mean surface potential.[16] Such a scenario is commonly assumed as a vital ingre-
dient for high power-conversion efficiency. An image combining the topography and

the SPV, corrected from the negative shift, is presented in Figure 4.18.
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FIGURE 4.18: FM-AFM (UHY, 300K) composite image (154 nmx 154 nm, 185x 185

pixels) of topography (z levels) and surface photovoltage under illumination at 532

nm (gray scale color) encompassing the full 150 mV SPV bandwidth. PCBM clusters

appear in dark (negative values) contrast, P3HT crystallites in bright (positive values),

and the levels corresponding to the space charge area at the donor/acceptor interfaces

are highlighted in light blue. The potential scale has been shifted by +30 mV according
to the analysis of the surface photovoltage histogram in figure 4.17.

The zero level corresponds to the interfaces where the excitons generated in the P3HT

are dissociated into holes and electrons, which are respectively transferred in the P3HT
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and PCBM networks, becoming positively and negatively charged. Such a charged state
can effectively be visualized under continuous irradiation since carrier recombination
is a much slower process (time constant value ranging from 100 us to 1 ms accord-
ing to transient photovoltage measurements [190]) than carrier generation. Lastly, from
the high-resolution work function images recorded under illumination (Figure 4.16),
one can tentatively extract quantitative data related to the lateral extension of the space
charge area at the donor—acceptor interface. While the mean half width of profiles cross-
ing the “halos” is estimated to be 4 nm (Figure 4.16), the analysis of high-magnification
images (Figure 4.19) suggests that a more realistic value probably falls below 2 nm.
This corroborates that operating devices are subjected to very high interface potentials,
reinforcing a picture of filamentary transport with current confinement effects in nan-

odomains.
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FIGURE 4.19: (a,b,c) FM-AFM images of the P3HT:PCBM sample recorded in dark
(top half) and under illumination at 532nm (bottom half) of the (a) topography (b)
damping and (c) work function. The white dotted lines indicate the separation between
the parts recorded in dark and under illumination. (d,e) magnified work function (d)
and damping (e) images. The distance between the two arrows in (d) and (e) is ca.
2 nm. (f,g) Work function profiles at the donor—acceptor interface corresponding to
the paths underlined in white (f) and black (g) in image (d). The white path has been
extracted by following manually potential levels in (d), while the black path has been
objectively extracted by simultaneously following levels of nearly constant damping
in image (e). The multiple profile function of WsXM software has been used for that
purpose.[167] Both procedure yield the same value for the work function shift at the
interface, ca. -30 mV.
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4.4 Conclusions

This study clearly demonstrates that it is possible to investigate simultaneously the
chemical phase separation and the electronic properties of organic bulk heterojunctions
by KPFM at the sub-10 nm scale.

To the best of our knowledge, this experiment provides the first direct visualization
of the carrier generation at the donor—acceptor interfaces in an optimally phase segre-
gated P3HT:PCBM blend showing a PCE up to 4.25% using close tip-sample distances.
Although we demonstrated exceptional resolution, we did not use specific cantilevers
or dedicated electronic setup. The same approach can henceforth be applied in any
standard commercial UHV NC-AFM setup. KPFM has the potential to become a rou-
tine tool for the characterization and optimization of nanophase separated organic and

hybrid photovoltaic blends.

A 10-fold improvement in the KPFM lateral resolution has been achieved, making
it possible to perform a chemical identification of the donor and acceptor phases at
the surface and the near subsurface in addition to the high resolution topographic im-
ages. However, these contrasts have been obtained in a regime in which there may be
a non-negligible contribution of short-range forces. As shown in the following chap-
ter 5, the work function values deduced from the CPD images may deviate from the
ones acquired out of the range of the short range forces. Nevertheless, our results are
consistent with what is expected for the charge carrier generation under illumination at
the donor-acceptor interfaces. In our opinion, this strongly supports the idea that sin-
gle pass KPFM can be used at minimal tip-surface distances to qualitatively probe the

charge carrier generation in BHJ thin films.



LCPD of Molecular Self-Assemblies:
Local Contact Potential Difference (LCPD)
Molecular CPD of 7-Conjugated Edge-On Oligomers

ous montrerons comment des contrastes aux échelles moléculaires peuvent étre
fla obtenus par microscopie a sonde de Kelvin en mode modulation d’amplitude.
L’influence de la distance de séparation entre la pointe et la surface sur les signaux
mesurés est discutée au regard des images en haute résolution, et des résultats des
mesures de spectroscopie de distance. Particulierement, nous montrerons que la dis-
tance pointe-surface en dessous de laquelle un contraste apparait dans les images
de dissipation, coincide avec celle en dessous de laquelle les forces électrostatiques
a courte portée contribuent au processus d’imagerie du potentiel mesuré par KPFM.
Ces forces sont responsables de I’apparition de modulations dans les images du poten-

tiel de surface, corrélées aux modulations topographiques.

n this chapter, contact potential differences at the molecular scale were achieved us-
1 ing amplitude modulation Kelvin probe force microscopy. The nature of the imag-
ing contrast has been analyzed by combining high resolution imaging with distance-
dependant spectroscopy measurements. It is shown that the apparition of a damping
contrast characterizes the onset of the short range electrostatic forces, which are respon-
sible for the occurrence of local contact potential difference modulations correlated with
the molecular lattice.

81
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5.1 Local Contact Potential Difference (LCPD)

or KPFM measurements, the contact potential difference (CPD) is recorded be-
tween the sample surface and the tip. At close tip-sample distances, the CPD can
be influenced by the surface potential. Thus, it differs from the intrinsic CPD that
is reliant upon on the macroscopic concept of work function. However, the physics that
connects the magnitude of this so called LCPD and the surface potential still remains
under debate.[128, 138, 142, 198-201] Understanding the origins of the CPD contrasts
at the local scale and how they are related to the physical properties of the surface is

critical for achieving single pass KPFM investigations at the nm or sub-nm scale.

Sub-nanometer LCPD resolution has been observed on a range of semiconductor sur-
faces including: Si(111)7x7 [20, 202—207], Si(111)54/3x5+/3-Sb [208], GaAs(110)
[209], InSb(001) [145], Ge(105)-(1x2) Si(105) [210], and on bulk dielectric surfaces
including: TiO, [143, 211, 212]. It has been shown that in the short-range regime,
neither AM nor FM-KPFM measurements reflect the true CPD or the local surface po-
tential, but rather an effective value which is convoluted by the tip geometry. This
indicates that polarization effects play a key role in the occurrence of SRE forces with

two consequences in the nc-AFM and KPFM imaging process:

(i) They contribute to the total interaction force and are thus involved in the Af
signal used to perform “topographical images” and,
(i1) they must be considered for interpreting the LCPD contrast, owing to their cross-

coupled distance and bias voltage dependence.

The CPD determined in equation 3.31 is based on the capacitive force between two
macroscopic parallel metallic electrodes. At this scale, they do not exhibit a lateral
electrostatic force distributions at the atomic-scale. During KPFM measurements of the
total electrostatic force, atomic-scale LCPD contrasts are induced by a bias dependent

short-range force.

The microscopic origin of the short-range electrostatic forces and the way they are
coupled to the nc-AFM/KPFM imaging process remains unclear, which has triggered
intensive experimental and theoretical efforts. In the following, we briefly discuss three
models which have recently been proposed for analyzing the contribution of SRE forces
to LCPD contrasts observed on semiconducting surfaces, ionic solids and metallic sur-

face adatoms. Lastly, a brief introduction to molecular CPD contrast will be given.

LCPD of a semiconducting surface: Si(111)7x7 LCPD contrast on a Si(111)7x7
surface, previously reported by Shiota et al.[207], has been modeled by Okamoto et
al.[213] The electrostatic force (Fgg) is separated from the topographical force (Fip),
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FIGURE 5.1: (a) Topography and (b) simultaneously measured KPFM image (256

pixels?, Af =-8.6 Hz, Vs = 180 mV, V.. = 0.5V, foc = 1 kHz, fo = 161.4 kHz, A,;;, =

93 A). Bright (dark) contrast in the CPD corresponds to 55.5 mV (-342.7 mV). Image
adapted from reference [20].

where the Fyg is a function of frequency and F;.,, is a function of frequency and applied
bias (Vpc). The sum of these two forces affects the measured LCPD. The topographical
force F,,, displays cubic-root-like dependence on V,ppjied. The resulting sum of the Fgg
and F,, generates multiple stable LCPD values. The derived expression for the new

stable values is:
| frop(w, AV') cos Af|

(80/82)VAC ’

where fi,,, is the modulation component of the topographical force, V ¢ is the applied

Vbe = Vepp £

(5.1)

AC potential, C is the capacitance, and A6 is the phase difference between the Fgg and
Fiop signals.[213]

This model of the LCPD on semiconductors is supported by spectroscopy experiments
on the Si(111)7x7 surface. Arai et al. revealed the presence of two separate minimums
in the frequency shifts versus sample bias.[205] In the model, the LCPD contrast is due
to the short-range force, denoted as f,,(w). The short-range force is deduced from the
interaction strength of the tip apex with the surface. On a semiconducting surface, the
short-range force is characterized as a covalent bonding interaction. This is consistent
with previous experimental studies of Au clusters on Si, in which the Au clusters show
a higher potential than the underlying Si substrate. This is primarily due to a weaker
bonding of Au-Si compared to Si-Si interactions.[204] The model has also been applied
to experiments in which the LCPD is used for atom identification on a mixed Si-Sb
surface.[208] Sadewasser et al. regarded the LCPD variation on a Si(111)7x7 surface is
caused by the formation of a local surface dipole. This dipole forms from either a charge
transfer between different surface atoms or from a tip induced charge redistribution at
the surface.[20]

LCPD of ionic solids Bocquet et al. reported atomic resolution KPFM results on
ionic solids such as KBr(001), as seen in figure 5.2.[146] Bocquet et al. also developed
an analytical model describing the short range electrostatic force between a conductive
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FIGURE 5.2: (a) Atomic resolution CPD image of a KBr(001) surface measured by

AM-KPFM in UHV. Inset: Profile of the CPD indicated by the dash line in (a) where

a 97 mV LCPD is clearly observed between K+ and Br-. The dashed box indicates

a unit cell. Image (a) is adapted from reference [146]. (b) Calculated LCPD vs. Z

spectroscopy curves on a NaCl surface. The distance dependence of the measured

LCPD indicates an optimal tip-sample distance for LCPD contrast. Image (b) adapted
from reference [21].

AFM tip and an ionic crystal. The LCPD is a result of the short-range electrostatic
interaction between the tip apex and the local charge distribution on the ionic crystal
surface. Based on the model developed by Bocquet et al., Nony et al. also developed
an analytical model of short-range electrostatic forces to account for the LCPD contrast
on ionic crystals by both AM and FM mode KPFM.[130] A lateral force distribution at
the atomic scale is caused by the interaction of atoms on the tip apex with the surface
provides. However, the LCPD has been shown to be dependant on the geometry of the
tip, the tip-sample distance, and the tip-sample bias. The short-range electrostatic force
(Fsre) 1s composed of two separate terms, where Fy,.. = FgL + FE?). F%L represents the
interaction between the tip apex (which acts as a capacitor with the sample surface) and
the sample. In which case, it contributes to the atomic LCPD contrast. Fl(f) represents
a static offset of the force between the tip apex at the mesoscopic scale and the surface
charge density induced by the tip-sample bias. The full force expression, including both
the short-range and long-range electrostatic interaction, is expressed as:

F,=FY 4+ F® L g (5.2)

mp p

where where F); is the macroscopic electrostatic force in terms of z (the direction nor-
mal to sample surface). F), is defined by:
1 Sepe

Fop = —- 208
M 2 (zm + 2)?

‘/C 2
(vmed 4 epd) , (5.3)

In summary, these results [130, 146, 204] have detailed how site-dependent SRE
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forces may develop between a biased metallic tip carrying an atomic asperity such as
a single atom or a small ionic cluster (figure 5.2¢) and the (001) facet of a bulk al-
kali halide single crystal. The tip-sample distance and the chemical nature of the tip
can both have an affect on the measured LCPD. The results indicate that the LCPD
contrasts originate from the dynamic polarization of the atomic cluster and of surface
atoms owing to the combined influence of the biased tip and of the Madelung surface

potential of the ionic crystal.[99]
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FIGURE 5.3: (a) Schematic proposed by Bocquet et al. [214] in which an AFM tip con-
sists of a macroscopic metallic body with a conical shape. The tip apex is described
by a sphere with a radius R. The tip is grounded with regard to the counter electrode
on top of which lies a thin dielectric consisting of two monolayers of an ionic film.
The tip apex carries a neutral, but polarizable single atom. On top of the dielectric lies
an adatom that may carry a single-electron charge. The geometrical parameters of the
problem are defined similarly to those in the work by Gross et al. [215] (b) Distance
dependence of the tip-adatom SR force computed with Vb=0. The experimental values
of the force derived from Gross et al. [215] are depicted with blue squares. The hor-
izontal error bars depict a possible uncertainty in the z position of the tip of 2% only.
The discrepancy between SRE and SR-vdW forces is well visible.

LCPD of metallic surface adatoms Bocquet et al. present a model depicting the
influence of short-range electrostatic forces between the tip of an AFM and a surface
carrying charged adatoms.[214] Their theoretical analysis is based upon the work by
Gross et al.[215] Using a cryogenic qPlus TF-AFM, they investigated charge-switching
of individual adsorbed gold and silver adatoms on ultrathin NaCl films on Cu(111).[215]

As explained in chapter 3, when the AFM tip is brought close enough to the surface,

it becomes subject to forces of essentially two origins:

(i) electrostatic forces (composed of capacitive, Coulombic, and short-range electro-
static, SRE, or dipolar forces), and

(i1) van der Waals (vdW) forces (London dispersion forces without any permanent
dipoles).
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These forces have an intrinsic distinct decay length, which makes it possible to split
them up into long-range (LR) and short-range (SR). Long-range forces typically domi-
nate at tip-surface distances above 1 nm, while short-range forces may dominate below
that. Nony et al. describes the total force as [214]:

Fiw= Fin+ Fsp=[Fy+ By + [Fdy + TV, G4

The vertical component of the short-range electrostatic force ?glR can be broken down

into the microscopic polarizable dipoles and electrostatic fields of the AFM tip apex

and of the surface (in the case described by Bocquet et al., a metallic surface adatom
[214, 215]):

0 1 1
el — ext ext

?SR = 75 {—2 Dtip - Etip - iﬁad : Ead] : (5.5)

These results show that SRE forces decay almost as fast as SR-vdW, but their strength

may prevail on the SR-vdW contribution upon the polarizability and/or the charge state

of the interfacial atoms, as seen in figure 5.3b.

Molecular CPD Contrast Since more than 10 years, KPFM has been widely applied
to investigate the local potential modification induced by self-assembled monolayers
(SAMs) on various kinds of surfaces. These works [216—218] demonstrated that the
molecular dipoles can strongly modify the CPD as measured by KPFM. It was con-
cluded that the CPD signal directly reflects the surface potential modification induced
by the molecular dipoles. The surface potential as a function of the area occupied by a
molecule was also predicted by ab-initio calculations and compared to the experimen-
tal results, and a reasonable agreement was achieved in some cases.[218] However, we
here underline that these earlier works were based on measurements performed at the

mesoscopic scale.

On the other hand, LCPD contrasts at the molecular scale remain poorly investigated.
Glatzel et al have investigated the dipole moment density variations within cyanopor-
phyrins molecular wires grown on KBr by AM-KPFM.[219] A semi-quantitative analy-
sis of the dipole density was carried out, but the authors concluded that theoretical mod-
eling would be needed to achieve a true quantitative analysis of the molecular dipoles.
The authors also highlighted the possible existence of non conventional effects when
performing KPFM measurements at very close tip-sample distances of the surface, hin-
dering a straightforward absolute measurement of the molecular dipole intensity.

Ichii et al. have also recently reported molecular CPD contrasts using FM-KPFM on
copper-phthalocyanine (CuPc) monolayers on Au(111) (see figure 5.4), suggesting that
molecular electric dipoles may directly be imaged by KPFM. In that particular case, the
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FIGURE 5.4: (a) CPD image using FM-AFM/KPFM of a CuPc monolayer on an

Au(111) surface, 12x12 nm?, A f =-170 Hz. (b) Molecular structure of MPc, with M

= Cu. (c) Dipole moment model to explain the molecular-scale SP contrast. Images
modified from reference [220].

authors claimed [220] that the local dipoles may originate from a rearrangement of the

electron cloud at the Au surface (keeping in mind that CuPc is a non polar molecule).

However, the exact nature of the forces involved in the KPFM imaging process at the
molecular scale was not clearly established by the authors, who based all their conclu-
sions on the modulation displayed by the CPD images. Especially, the dependence of
the CPD magnitude and local contrast versus the tip-surface separation was not investi-
gated. The relative contribution of both long range and short range electrostatic forces
to the KPFM-compensated CPD was not established. At this stage, it is impossible to
confirm that the reported contrast reflect the existence of local electric dipoles at the
CuPc/Au(111) interface. The results may indeed as well be accounted by a local polar-
ization of the underlying molecules induced by the proximity with the biased tip in the

short range regime.

In summary, it is nowadays widely admitted that LCPD atomic contrasts originate
from bias dependent SR interaction forces between the tip apex and the underlying sam-
ple surface. The mechanism behind this interaction force is dependent upon the sample.
The short-range interaction on a semiconducting surface is likely due to covalent inter-
actions similar to the one involved in the topographic imaging process in nc-AFM.[109]
The measured LCPD is not a true representation of any one interaction but is a function
of the bias dependent short-range force applied to a specific sample. The magnitude of
the LCPD contrast depends both on the LR and SR interactions that are tip-surface dis-
tance dependent. Making a physical interpretation of the experimental results of LCPD

measurements is difficult because the combination of these interactions may cause an
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over-estimation of the true surface potential distribution. A model consistent of an ac-
curate tip geometry and tip-sample separations, like the one described above for ionic
solids and metallic adatoms, is needed for the extraction of physical values from the
measured LCPD.

5.2 Molecular CPD of 7m-Conjugated Self-Assemblies
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FIGURE 5.5: Chemical structures and dynamic simulations of edge-on stacks (side
views) for (a) QTF8 (including face-on buffer layer) and (b) FG1 oligomers on a HOPG
substrate. The main electric molecular dipoles at the fluorenone cores are indicated by
green arrows. The red lines highlight that the electrostatic equipotential lines may
display variations at the local scale, induced by the networks of the molecular dipoles.

In this work, the occurrence and nature of CPD contrasts at the molecular scale has
been thoroughly investigated on two related model oligomers, labeled QTF8! [78] (seen
in figure 5.5a) and FG12, [79] (seen in figure 5.5b), selected for their self-assembly

'QTFS8: 2,7-Bis(3,3""-dioctyl-[2,2';5',2";5" 2""]-quaterthiophen-5-yl)-fluoren-9-one
o 2, /-B1s(5-[ 3,57 -dioctyl-4""-(5-octylthien-2-yl)-12,27;5",27",5", -quaterthiophene|)-fluoren-
2FG1: 2,7-Bis(5-[3,5"-di yl-4"'-(5-octylthien-2-y1)-[2,2";5',2";5" ,2""]-q hiophene])-fl
9-one
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properties. Both oligomers form self-assembled 7-stacked edge-on nanowires on highly
oriented pyrolytic graphite (HOPG).

Both molecules contain oligothiophene segments and a fluorenone central unit, the
later group expected to carry the main molecular electric dipole at the C=0 bond, as
shown by figure 5.5. Calculations of the charge distribution and electric dipole of a
fluorenone can be found in the work of Jozefowicz et al. [221] A dipole oriented per-
pendicular close to a surface induces a local change in the electrostatic potential of the
substrate. Therefore, one may reasonably expect the existence of surface potential mod-
ulations correlated with the molecular dipoles at the fluorenone cores. For that reason,
QTF8 and FG1 were chosen as model systems to probe the occurrence of CPD contrasts
at the molecular scale.

Likewise to the case of atomic scale LCPD, we focus on the role of the SRE interac-
tions and ask:

(1) Isitpossible to detect/image a CPD contrast at the molecular:submolecular scale?
(i1) If so, are SRE forces alone responsible for the imaging process and are they re-

lated to the molecular dipoles?

5.2.1 Materials & Sample Fabrication

Fluorenone-based non-polymeric molecules are highly attractive materials for solution-
processable solar cell applications due to the strong 7-stacking interactions in the solid
state.

The improved morphology could explain the good performances (ranking among the
highest recorded for nonpolymeric materials) of OPV devices based on BHJ thin films
where QTF and FG are used as the electron donor materials.[78, 79] The synthesis,
characterization and photovoltaic properties (blended with PCsBM and PC;,BM) of
QTEFS8 and FG1 have been described elsewhere.[78, 79]

Thin deposits of QTF8 and FG1 were prepared by drop casting 10 mL of an anhydrous
toluene solution (concentration 0.05 mg-mL~") on freshly cleaved HOPG substrates.
The solvent was slowly evaporated under a toluene saturated atmosphere for 24h. A
post deposition annealing was applied under UHV in the case of QTF8 (130°C for
3 hours). Both molecules self-assemble into edge-on 7-conjugated nanowire stacks,
which structural organization has been established by combining the results of NC-AFM
with molecular mechanics (MM) and molecular dynamics (MD) simulations, briefly

described hereafter.
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5.2.2 QTF8 Topography on HOPG
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FIGURE 5.6: FM-AFM (UHY, 300K) 2D topography images of QTFS thin films on

HOPG. (a,b): 1200 nm x 1200 nm, 600x 600 pixels, A f = -20 Hz, A,; = 20 nm, scan

speed = 7 ms per pixel. (c): 2.2 umx2.2 pm). (d): 265 nmx265 nm. Edge-on stacks

are formed on a buffer layer of face-on molecules, highlighted in (c) and (d). Images
(c) and (d) have been modified from reference [33].

The QTFS8 molecules form ordered aggregates in the form of fibrils (figure 5.6a,b)
or stacks (figure 5.6¢,d), with an effective stacking height of ~3 nm, consistent with
previous FM-AFM [33] and TF-AFM [222] investigations. It is expected that the QTFS8
m-conjugated system and its alkyl substituent will strongly interact with the underlying
HOPG surface, giving rise to the formation of “face-on” 2D assemblies (described in
chapter 2). However, considering the size of the QTF8 molecule (about 4 nm long,
2.5nm wide, and 0.5nm thick in its fully planar conformation), the value for the stack
height clearly suggests that the molecular aggregates consist of 7-stacked oligomers in
the “edge-on” configuration, in which the plane of the conjugated system is perpendic-

ular to the substrate and with fully extended octyl groups.[33]

The edge-on molecules (labeled in figure 5.6c,d) are in fact formed over of a mono-
layer of face-on molecules, adsorbed upon the HOPG surface. These face-on molecules
provide a buffer layer that permits the formation of the edge-on supramolecular stacks,
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and strongly attenuates the influence of the substrate on the stack nanostructure.[33] The
role of a buffer monolayer has also been demonstrated on m-conjugated self-assembled
oligo(p-phenylenevinylene) (OPV) on a Au surface, revealing that the presence of a
monolayer can be a crucial factor for retaining the solution morphology and connectiv-
ity of fibrils on a surface.[223]

As explained in chapter 2, thermal or solvent annealing is known to improve the order
of solid-state organic assemblies, by reducing the number of defects. This has been
demonstrated in previous FM-AFM measurements, clearly revealing that under thermal
annealing an improved ordering in the solid-state organic assemblies is observed.[33,
222]) Upon in-situ annealing, the apparent lateral periodicity becomes 7.0 = 0.2 nm
over most parts of the QTFS8 stacks, which is slightly less than twice the length of a

single oligomer.

5.2.3 QTF8 Modeling

The following molecular modeling has been performed by Dr. Mathieu Linares' in the
Department of Computational Physics at Linkdping University in Sweden. Molecular
mechanics (MM) and molecular dynamics (MD) calculations have been carried out in
order to investigate the organization of the QTF8 molecules in the assemblies. Further

details about the molecular modeling packages and process can be found elsewhere.[33]

First, the most probable molecular conformers have been modeled:

(1) by considering that the thiophene units within the two quarterthiophene segments
are in an anti-conformation (which is the most stable situation in oligothiophenes)
and,

(i) by examining the relative orientation of the two innermost thiophene rings with
respect to the fluorenone unit; either in the syn-conformation or in the anti-

conformation.

This gives rise to three conformers: syn-syn, syn-anti, and anti-anti, pictured in figure
5.7.

In a second step, assemblies consisting of edge-on 7-stacked molecules (in the syn-
syn, syn-anti, or anti-anti conformation) have been modeled, with the C=0 bonds of the
fluorenone units all pointing in the same direction within a given wire (this configuration
being more stable than the one with alternating orientation of the fluorenone units along
the wire). The three types of m-stacked nanowires are stable, with the anti-anti assembly

more stable than the other two systems (by about 3.5 kcal-mol~! per molecule), due to

'Dr. Mathieu Linares: web.me.com/mathieulinares
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FIGURE 5.7: Molecular modeling calculations of edge-on 7-stacked nanowires formed
from QTFS8 syn-syn, anti-syn, and anti-anti conformers (from left to right). Image
adapted from reference [33].

a better 7-7 interaction between the core of the oligomers and a better van der Waals
interaction between the alkyl chains. The results of the MD calculations indicate that
the molecules within the three assemblies are slightly tilted in respect to the stacking
axis. As a result, the width of the nanowires is slightly smaller than the length of the

molecule (3.5 nm as opposed to 3.8 nm).

Finally, the assembly of adjacent nanowires in a 2D layer has been investigated start-
ing from the most stable anti-anti wires. It is found that the most stable situation is
with:

(i) non-alternating tilting and,

(i1) an alternating orientation of the fluorenone units.

This yields layers that are non-polar, because of the alternating orientation of the flu-
orenone unit (carrying the main molecular electric dipole, as seen in figure 5.5) from
one wire (C=O0 bond pointing upward) to the next (C=O bond pointing downward),
as illustrated by the oxygen atoms (in red) in figure 5.8. Upon optimization of these
assemblies, a small displacement in the direction perpendicular to the layer occurs from
one stack to the next. This improves the lateral interaction and the locking between
the terminal-substituted thiophene units in adjacent nanowires (this clearly appears in
the section through the layer shown in the top image of figure 5.8). As a result, the
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lateral periodicity doubles, from around 3.5 nm to around 7.0 nm, consistent with the

experimental observation.[33, 222]

FIGURE 5.8: Molecular mechanic and dynamic simulations of the most stable
supramolecular QTFS stack, in the anti-anti conformation. (top: side view, bottom:
top view).

5.2.4 FG1 Topography on HOPG

Like the QTFS self-assembly, when drop-casted from solution onto a freshly cleaved
HOPG substrate, FG1 forms edge-on m-stacked molecules. FM-AFM measurements
revealed an average stacking height of ~2.5+0.1 nm. Contrary to the QTF8 self-
assembly, NC-AFM investigations did not clearly reveal the presence of a face-on buffer
layer. FM-AFM images (and corresponding damping images) of a FG1 molecular is-

land self-assembled on a freshly cleaved HOPG substrate is seen in figure 5.9.

The FG1 self assemblies displayed an highly ordered morphology after direct depo-
sition on HOPG without a thermal annealing treatment, unlike QTFS. In this case, the
lattice periodicity was found to be slightly larger than the widths of a single molecule.
In order to accurately determine the molecular lattice periodicity of FGI stacks, a se-
ries of nc-AFM topographic images has been successively acquired, until reaching a
complete stabilization of the apparent stripe to stripe distance (as deduced from FFT
patterns: inset of figure 5.9f). This procedure ensures that the images are free from
artifacts due to piezo creep or thermal drift. The mean lattice value deduced from these

measurements is 4.55+0.05 nm.
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FIGURE 5.9: FM-AFM (UHYV, 300K) 2D topography (a,c,e) and damping (b,d,f) im-
ages of a FG1 monolayer self-assembled on a HOPG substrate. (a,b): 1500 nmx 1500
nm, 600 x 600 pixels, A f =-13 Hz, A,;, = 14.6 nm, scan speed = 5 ms per pixel. (c,d):
Magnified images corresponding to the area delimited by the white box in (a,b). 500
nmx 500 nm, 600x 600 pixels, Af =-25 Hz, A,; = 14.6 nm, scan speed = 5 ms per
pixel. (e,f): Magnified images corresponding to the area delimited by the white box in
(c,d). 100 nmx 100 nm, 400x400 pixels, A f =-25 Hz, A,;; = 14.6 nm, scan speed =
5 ms per pixel.
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5.2.5 FG1 Modeling
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FIGURE 5.10: (a,d): Four possible conformations for the thiophenes at the extremity
of the FG1 molecule. (e) Most stable conformation for the FG1 molecule.

Molecular mechanics (MM) and molecular dynamics (MD) calculations have been
performed using the packages described for QTF8.[224-226] To separate the different
effects that rule the self-assembly of the FG1 molecule, a conformational study of a
model molecule containing 4 thiophenes (as seen in figure 5.10a-d) was performed in
order to determine the most stable conformation of FG1. After the optimal conforma-
tion for the thiophenes was determined (figure 5.10d), it was necessary to determine the

most stable conformation of the entire molecule.

It has been determined in a previous study that the thiophene chains attached to the
fluorenone moiety preferred to adopt an all-trans configuration.[227] According to that
and to the study of the extremity of the molecule, the most stable conformation for the

FG1 molecule has been determined, seen in figure 5.10e.

Based on this, there are two ways to assemble the m-conjugated stacks, with the C=0
bonds pointing in the same direction for all nanowires, or in an opposite direction from
one wire to the next (figure 5.11a and b, respectively). These assemblies display a lattice
periodicity of 34.98 A and 64.96 A, respectively neither of which are consistent with
the results from nc-AFM experiments.

Therefore, a new model was developed to account for the reported data, in which
the alkyl chains at the extremity of the molecule interact with the underlying graphite
substrate. It follows the absence of experimental evidence in favor of the existence of a
face-on buffer layer. In order to favor the adsorption on the graphite surface, the alkyl
chains at the extremity of the molecule are rotated. This situation favors the formation of
CH-7 interaction, and allows a full adsorption of the alkyl chains on the graphite surface
(Figure 5.12). Following this assumption, the density of the stack assembly is now in
agreement with the experiment. The configuration of the fluorenone unit (carrying the

main molecular electric dipole, as seen in figure 5.5) does not alternate as in the case
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(a)

FIGURE 5.11: Two configurations to assemble the FG1 stack, with the C=0 pointing
in the same direction (a), or with the C=0 pointing in opposite direction (b).

FIGURE 5.12: Molecular mechanics and dynamics simulations of the most stable
supramolecular FG1 stack. Top: static side view. Middle: dynamic side view. Bot-
tom: top view (static).

of QTF8, but remains in a single direction with the C=0 bond pointing upward (figure
5.11a).

Considering the full assembly on the graphite surface, the intermolecular distance
in the stacking direction is 4.42 A, and the distance between the rows is 45.7 A, in
excellent agreement with nc-AFM topographical experiments. Finally, as shown by
figure 5.12(middle), a dynamic during 500 ps has been performed on the system. The
topographic profiles extracted from nc-AFM images in the direction of the modulation
are in accordance with the shape simulated by the MD simulations. However, modeling
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of the FG1 predicts a stacking height of ~1.8 nm, which is not in agreement with FM-
AFM measurements (~2.5+0.1 nm). Further optimization of the FG1 modeling will be

needed in order to correlate more accurately with the experimental results.

5.2.6 Frequency Modulation KPFM
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FIGURE 5.13: FM-AFM (UHYV, 300K) 2D images of the topography, damping and

CPD of a FG1 monolayer on a HOPG substrate using FM-KPFM. (top: 500 nm %400

nm, 512x410 pixels, Af = -20 Hz, A,; = 40 nm, scan speed = 150 ms per pixel)

(bottom: 100 nmx 100 nm, 250x250 pixels, Af =-30 Hz, A,;, = 40 nm, scan speed
=50 ms per pixel)

As previously described in chapter 4 on the P3BHT:PCBM BHIJ blend, FM-KPFM was
deployed using Ptlr; coated Si cantilevers at a resonant frequency of 338 kHz, and a
modulation frequency of 1.3 kHz. The scan speed (150 and 50 ms per pixel for figure
5.13 top and bottom, respectively) was limited primarily due to a rather low signal
to noise ratio. Therefore, a relatively low frequency shift setpoint (close tip-sample
distance) of -20 and -30 Hz was used in combination with a 20 dB damping attenuator
in order to reduce the input amplitude. At higher magnification, the topography and
damping images clearly reveal the molecular lattice of the FG1 assembly. Despite this,
molecular resolution CPD was not obtained. Frequency shift setpoints below -30 Hz

resulted in an instability (“jump to contact) over the course of an entire image.
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5.2.7 LCPD of QTF8 and FG1 Monolayers on HOPG

In the following, the results have been obtained using AM-KPFM. The data was recorded
using Ptlr; coated Si cantilevers (as described in table 3.2) at a resonant frequency ( fy)
of ~62 kHz. As previously described, the scan speed in AM-KPFM was limited pri-
marily due to the large quality factor of the cantilever in UHV, which means that the
measured amplitude changes are slow (according to equation 3.15). The modulation

frequency (fn0q) Was tuned to the second resonance frequency at ~6.3 fy ~ 390 kHz.

5.2.7.1 CPD Dependence vs. the Operating Set-Points

FIGURE 5.14: Topography [(a), (d), (g) and (j)], damping [(b), (e), (h) and (k)], and

CPD [(c), (f), (1), and (1)] of a FG1 molecular island on an HOPG substrate using AM-

KPFM (600 nmx 600 nm, 512x512 pixels, A,;; = 55.7 nm, scan speed = 20 ms per

pixel). Images (a), (b) and (c) recorded at A f = -4 Hz, (d), (e) and (f) at A f = -8 Hz,
(g), (h) and (i) at A f =-12 Hz, and (j), (k) and (1) at A f =-16 Hz.

To investigate the influence of the tip-surface separation on the KPFM signal, a first
series of images (topography, damping and CPD) have been acquired at the mesoscopic
scale on a FGI1 thin film with sub-monolayer coverage while varying the frequency shift
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set point (A f) and keeping the vibration amplitude (A,;,) constant, as seen in figure
5.14.

The frequency shift dependence of the difference between the CPD levels (aver-
age values) measured over the oligomer stack and the substrate (Acpp = CPDpgy -
CPDyopc) has been plotted in figure 5.16b. The data points in figure 5.16a and b have
been recorded from figure 5.15, where the behavior of the damping and CPD reveals an
increasing contrast as a function of increasing A f. Acpp dramatically increases when
lowering the set point (i.e. decreasing the tip-surface separation) below the value corre-
sponding to the apparition of a contrast in the damping images (A fyuset =~ -5 Hz), and
a saturation plateau is reached below A f,,; ~ -10 Hz. A similar behavior is seen while
keeping the frequency shift constant (Af = —15H z) but varying the amplitude A,;,
from 39 to 66 nm, reaching a plateau at ~55 nm. The Acpp correlation between the
data acquired at variable A f and variable A,;, is confirmed by the blue circles in figure
5.16b and c, which represents data points acquired with the same parameters (A f =-15
Hz and A,;; = 55.7 nm). A ACPD ~ 170 mV is observed in both cases.

Topography Damping

S

FIGURE 5.15: FM-AFM (UHYV, 300K) 3D topography, damping and CPD of the same
scan line of a monolayer of a FG1 molecule self-assembled on a HOPG substrate using
AM-KPFM as a function of Af from -4 Hz to -16 Hz every 30 lines (in constant line
mode). (296 nm wide, 390 <500 pixels, A,;» = 56 nm, scan speed = 15 ms per pixel).

In the large amplitude regime, the tip-surface distance d (at the lowest point of the can-
tilever oscillation cycle) is directly related to the normalized frequency shift v, equation
3.20.[98] A second series of images (not shown) has been recorded at variable ampli-
tudes, but keeping a constant v = -3.7 fN-y/m by proper adjustments of the frequency
shift. In that case, the CPD is nearly unchanged regardless of the amplitude set point (as
seen in figure 5.16d), which confirms that the tip-surface separation is the key parameter
in the above mentioned frequency shift dependence of the CPD contrast.

Before addressing more precisely the nature of the forces involved in the KPFM imag-
ing, it is relevant to compare the measured CPD with what is expected for the surface
potential induced by the molecular dipoles from simple considerations. Following ear-
lier works [217, 219, 228], the difference of surface potential between the edge-on stack
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FIGURE 5.16: (a) CPD as a function of Af for the FG1 monolayer and the HOPG
substrate in the backward scan direction at a constant vibration amplitude (A.;;, = 55.7
nm). (b) CPD difference between the FG1 monolayer and the HOPG substrate (ACPD
= CPDp¢1 - CPDyopq) as a function of A f for the forward and backward scan di-
rections at a constant A,;; = 55.7 nm. (c) CPD difference between the FG1 monolayer
and the HOPG substrate as a function of A,;; in the backward scan direction at con-
stant A f = -15 Hz. (d) CPD difference between the FG1 monolayer and the HOPG
substrate as a function of A,;; in the backward scan direction at constant normalized
frequency shift v = -3.7 fN-y/m. The blue circles in (b) and (c) represent data points
acquired with the same parameters (A f = -15 Hz and A,;; = 55.7 nm), where ACPD

~ 170 mV.
and the substrate may be described as:
r
AV, = 222 (5.6)
e X¢€y

where 1 is the value of the dipole moment normal to the substrate for a molecule within
the stack, I' is the molecular surface concentration, ¢ the dielectric constant of the
molecular layer and ¢, the permittivity of free space. One shall keep in mind that the
effective dipole p differs from the one in the absence of depolarizing effects.[217, 219,
228]

In our experiments, the CPD difference between the stacks and the substrate reaches

a maximum of 170 - 190 mV (depending of the normalized frequency shift setpoint, as
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shown by figure 5.16). With an average area of ca. 2 nm? per FG1 molecule within
the stacks and a relative dielectric constant € of ca. 3 (which is a reasonable value
for organic semiconductors), yields an effective molecular dipole on the order of 2.7
Debye per molecule, which is remarkably close to the values previously reported for
fluorenones.[218, 221] Besides, the CPD increase over the stack corresponds to a re-
duction of the surface work function (the bias being applied to the tip in our setup),
which has also been observed for porphyrins on HOPG.[228] Moreover, in both cases,
the molecular dipole is expected to point downward from the molecule to the substrate.

In the case of QTF8, remarkably the CPD does not exceed a few tens of mV, even
at the smallest tip-surface separations. This result seems consistent with the expected
non polar nature of the QTFS stacks, for which the dipole moment alternates from one
nanowire to the next. However, the comparison between FG1 and QTF8 shall be carried

out keeping in mind :

(i) the possible differences induced by a buffer of face on molecules and,

(i1) the open questions regarding the exact nature of FG1 assembly.

5.2.7.2 Molecular CPD Contrast

To check the occurrence of local CPD contrasts, another set of high magnification im-
ages (figure 5.17) has been recorded on the FG1 stack. First, we underline that topo-
graphic contrasts at the molecular wires scale are only achieved for tip-sample separa-
tions equal or less than the one corresponding to the onset of a contrast in the damping
images (A f < A fonset). For greater tip-surface distances (A f > A fouset), the molecular
network cannot be resolved in the topographic images (figure 5.17a, left panel). As ex-
pected, the lateral resolution of the CPD images improves noticeably when reducing the
tip-sample separation as shown by the comparison between the CPD images presented
in figure 5.17c and f. In figure 5.17f, features with lateral dimensions of a few nanome-
ters are clearly resolved. However, CPD modulations correlated with the molecular
lattice appear only after a further decrease of the tip-surface separation (figure 5.171),
for set points corresponding to the saturation plateau in figure 5.16b (Af < A faap).

Similar results have been achieved in the case of QTFS. In the following, the corre-
lation between the topography, damping and CPD local contrast is briefly discussed by
confronting the results achieved on both oligomers.

Topography, Damping, CPD Contrast Relationship Since the LCPD imaging mech-
anisms still remains unclear, it may be useful to correlate the topography, damping and
CPD local contrast. This may help to establish a relation between the LCPD contrast

and the molecular electric dipoles.
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FIGURE 5.17: Topography [(a), (d), and (g)], damping [(b), (e), and (h)], and CPD
[(c), (f), and (i)] of a FG1 monolayer on a HOPG substrate using AM-KPFM (100
nmx 100 nm, 400x400 pixels, A,;, = 55 nm, scan speed = 25 ms per pixel). Images
(a,b,c)areat Af =-4Hz, (d,e,f) at Af =-6 Hz, and (g, h, i) at Af =-11 Hz. Arrows
in image (f) and (i) indicate feature resolutions of ~5 nm and ~2.5 nm, respectively.

In the case of FG1, unfortunately it was not possible to definitely correlate the ob-
served CPD and damping levels with those of the topography. However, the correlation
between the CPD and damping levels is clearer. The CPD corresponds inversely to that

of the dissipation signal, illustrated by the 3D CPD composite images in figure 5.20.

A tentative proposal is given in figure 5.18. Better results were achieved for QTF8
thanks to its larger lattice periodicity and the existence of a characteristic contrast in
the damping images previously reported and confirmed in this work. Figures 5.19 and
5.21g,h,i clearly reveal that the topographic and dissipation images display opposite

contrasts.

More precisely, the dissipation (figures 5.19b and 5.21b) is higher over the low to-
pography regions, and vice versa. This is consistent with previous work using tuning-
fork AFM (TF-AFM) in the qPlus configuration [114] carried out in the low amplitude
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FIGURE 5.18: Topography (a), damping (b), and CPD (c) of FG1 self-assembled on

HOPG using AM-KPFM. (40 nmx40 nm, 200x200 pixels, A f = -26 Hz, A,;; = 55

nm, scan speed = 40 ms per pixel). Blue and green arrows in (a,b,c) indicate areas
marked in (d).

regime (A,; < 0.5 nm).[33, 222] The CPD displays an opposite behavior being “in-
phase” with the topography.

A former model to account for the local damping contrasts, proposed by Hayton et
al., was based on the variation of the local mechanical properties within the stack at the
sub-molecular scale.[222] It was assumed that the stack may behave as a rigid object
sustained by flexible pillars over which the damping is maximized, seen in figure 5.19¢g.

However, our data raises the question about the possible electrostatic origin of the
damping. Such an effect could happen if the real tip-surface potential difference is not
fully compensated by the KPFM feedback loop which can happen in the short range
regime (similarly to the case of ionic crystals).

In that sense, it is remarkable that both QTF8 and FG1 display “out of phase” damping
and CPD contrast. Since the “flexible pillars” are specific to the QTF8 stacks, the
mechanistic model for the damping signal may be revised in favor of the electrostatic
one.



Chapter 5. LCPD of Molecular Self-Assemblies 104

CETT 1.1 nm msau OmV
High Z & CPD

Low Dampin
(g) Low Z & CPD ping

High Damping

flexible
pillars

FIGURE 5.19: FM-AFM (UHYV, 300K) 2D topography (a,d), damping (b,e) and CPD
(c,f) images of a monolayer of a QTF8 molecular wire self-assembled on a HOPG
substrate using AM-KPFM. (a,b,c): 200 nmx 160 nm, 600x480 pixels, A f = -30 Hz,
Ay = 20 nm, scan speed = 16 ms per pixel. (d,e,f): 65 nmx65 nm, 600x600 pixels,
Af =-40 Hz, A,;, = 17 nm, scan speed = 6 ms per pixel. Blue and green arrows in
(d,e,f) indicate fluoronene orientation up and down, respectively, as marked in (g).

FIGURE 5.20: 3D composite images of the CPD (z-scale) with damping color code to

illustrate the opposite contrast of the CPD and Damping signals on QTFS8 (a) and FG1

(b) with bright indicating higher damping signals over lowest part of CPD. (40 nm x40
nm, 300x300 pixels, AfHOPG =-40 Hz, AfFGl =-26 HZ)
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5.2.7.3 Distance Dependant Spectroscopy

Distance-spectroscopy measurements were performed by recording damping(z) and
CPD(z) curves at selected locations on QTF8 molecular stacks (red and blue arrows
labeled in figure 5.21), the feedback loop being disabled during the acquisition. For
this data set, z=0 corresponds to the tip-surface distance at the regulated frequency shift
set point before opening the feedback loop. Above all locations, the CPD shows a well
marked drop from z=0 (regulated set point) to z=0.45 (indicated by the green dash line
in figure 5.22), and an almost constant value for greater tip-surface distances. This point
characterizes the onset of the short range forces, as shown in the damping curves given

as an inset in figure 5.22.

Above the threshold position marked in the spectroscopy curves in figure 5.22 at
~4.51°X, the SRE forces do not contribute to the KPFM compensated CPD, which di-
rectly reflects the potential variations of the imaged surface. In that regime, the surface
potential distribution may already be acquired with a resolution of a few nanometers, as
the tip-surface separation can be on the order of 1 nm or less. This is almost the case of
the data presented in figure 5.17(f), which has been acquired near the onset of the SRE
forces. Reducing the tip surface separation, a crossover occurs between the LR and
SR regimes, due to the increasing influence of SRE forces. At the smallest tip-surface
separations, the “local” CPD becomes dominated by the contributions of SRE forces,
accounting for the appearance of modulations correlated with the molecular lattice in
CPD images. However, as in the case of atomic contrasts, these variations cannot be
attributed directly to local changes in the surface potential, due to non conventional

proximity effects between the tip apex and the surface.

FIGURE 5.21: (a) Topographic, (b) damping, and (c) CPD images using AM-KPFM

(140 nmx 140 nm) of a QTF8 stack on HOPG recorded with A,;; =35 nm and Af =

-20 Hz. Arrows pointing up and down highlight the locations corresponding to the two
different molecular orientations probed during z-spectroscopy measurements.
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FIGURE 5.22: CPD as a function of tip-sample distance (curves averaged from 20 data

points) (A fsetpoint = -25 Hz, Ay = 41 nm), recorded over the locations highlighted

by the arrows in the inset. Inset: Damping signal as a function of tip-sample distance.
The green dashed line indicates the onset of SR forces.
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5.3 Conclusions

In summary, CPD contrast can be achieved at the molecular scale on edge-on 7-stacked
nanowires. The magnitude of the CPD is strongly dependent upon the tip-surface dis-
tance, and CPD contrasts correlated with the topography (i.e LCPD) are only achieved
at minimal tip-surface separations. A crossover has been observed to occur between the
LR and SR force regimes, in which SRE forces contribute to the measured CPD at a
typical tip-sample separation on the order of 1 nm. This result is remarkably similar to

the case of ionic crystals and metallic adatoms.[214, 215]

Unfortunately, in our case, the imaging mechanisms remain unclear, and it was not
possible to establish a relation between the LCPD contrast and the lattice of the molec-
ular electric dipoles. However, it is highly probable that a tip-induced proximity effect
is involved in the CPD imaging process that would make a quantitative measurement of
the local electric dipoles impossible. However, the LCPD may follow the periodicity of
the surface potential, as in the the case of ionic crystals.[130, 146, 204]

Alternatively, our results demonstrate that the influence of the SRE forces can be min-
imized by working near the onset of the damping contrast. This provides an indication
that by adjusting the tip-surface separation, an optimal lateral resolution can be achieved
in “conventional” CPD images (i.e. images registered at tip-surface separation out of
the range of SRE forces) on organic layers. This approach may be especially useful
for further investigations of the surface photo-voltage of nano-phase segregated organic
photovoltaic blends [189] and further investigations on organic layers for accurate work
function measurements. Accurate measurements of the surface potential modification
induced by polarized SAMs may also benefit from this procedure.






Novel Transparent Electrodes:
Introduction to Transparent Electrodes

Work Function Measurements

AM-KPFM/UPS of Functionalized CNTs

e chapitre présente les résultats d’une étude combinant plusieurs techniques, dans le
but d’estimer la fonction de sortie d’électrodes transparentes a base de nanotubes
de carbones mono-parois fonctionnalisés par des particules métalliques. Une série
d’échantillons a été étudiée par microscopie a sonde de Kelvin en mode simple passe,
par spectroscopie UPS et par spectroscopie XPS. Les valeurs de fonction de sortie es-

timées par microscopie a sonde de Kelvin sont comparées a celles déduites des mesures
UPS.

n this chapter, a multitechnique interdisciplinary investigation was performed in or-

der to characterize the work function of flexible transparent electrodes, based on
functionalized carbon nanotubes using metallic nanoparticles. A series of single wall
carbon nanotube networks was characterized by single pass Kelvin probe force mi-
croscopy, ultraviolet photoelectron spectroscopy, and X-ray photoelectron spectroscopy.
The work function values obtained by KPFM are compared to the ones measured by
UPS.

109
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6.1 Novel Transparent Electrodes

ransparent conductive coatings are used in OPV device applications where it is
necessary to transport electrical charges while not losing the optical properties
of the particular substrate or optical component. For decades, transparent con-
ductive oxides (TCO) have been developed and are still widely used.[229] For instance
indium-tin oxide (ITO), In,O3:Sn, is still a “reference”, but it suffers from significant
weaknesses such as the risky long term cost and limited supply of indium, the fragility
or brittleness of ITO films, and the costly layer deposition requiring vacuum. In ad-
dition, ITO is not very compatible with polymer substrates due to its high deposition
temperation of around 600°C. Therefore, alternatives are being sought such as graphene

thin films, thin metal films and inherently conductive polymers (ICPs).

However, amongst the most promising materials currently under study for TCO re-
placement, carbon nanotubes (CNTs) demonstrate high potential.[230-234] Since car-
bon nanotubes (CNTs) were discovered by S. Iijima in 1991, they have attracted a great
deal of interest from scientists in various research fields including electronics, opto-
electronics and mechanics.[81-83] Carbon nanotubes can be exhibit either metallic or
semiconducting behavior depending on their band gap (which can range from 0 to about

2 eV) and electrical conductivity.

To form a flexible transparent conductive film using CNTs, researchers have focused
on achieving a low sheet resistance (Ry) and a high transmittance (T).[232, 235] Al-
though CNT-based conductive films of this type can be used to achieve flexible OLEDs
and OPVs, their integration into operational devices poses many significant challenges.
A major issue concerns the energy level alignment between the CNT thin film and the
other active layers of the device. One approach to avoid these difficulties relies on mod-
ifying the effective work function of the conductive layer of the CNTs.[236, 237] The
work function value plays a central role in determining efficiency and performance of
the device, via control of the hole extraction process. In this way, the work-function
engineering of the conductive layer can be used to integrate devices with controlled
electronic energy levels. A previous report has shown that pristine SWCNT electrodes
(a mixture of /3 metallic and %3 semiconfucting tubes) have a work function of 4.8—4.9
eV.[238]
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6.2 Work Function Measurements

Previous reports on ITO and TiO, have suggested that surface contaminants can signifi-
cantly reduce the work function as deduced from the UPS measurements.[239-241] The
work function is an extremely sensitive indicator of the state of a surface, and therefore
of the environment surrounding it, since gases or other adsorbed species may induce
substantial variations of the energy required to remove an electron from the Fermi level.
In addition, the measured value is also known to be a function of the technique used.
KPFM measures the local work function difference under the probe, whereas ultraviolet
photoelectron spectroscopy UPS measures the lowest work function patch on the sur-
face, even if it is only a small fraction of the surface area. Thus, KPFM work function

values are often higher than those measured by UPS.
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FIGURE 6.1: The shift in the contact potential difference of an ITO surface, induced
by the UV irradiation. Image adapted from reference [241].

Furthermore, work function measurements using low intensity X-ray photoemission
spectroscopy (LIXPS) suggest that the UV light used in UPS measurements may result
in a lowering of the work function of an ITO surface during the measurement procedure
itself.[239, 241, 242] These experiments showed that work function measurements (in
this case using LIXPS) prior to standard UPS measurements yielded larger work func-
tion values, indicating a method to perform accurate work function measurement, as
long as the photon flux is low enough to prevent significant photochemical changes of
the ITO surface during the duration of the measurement. Exposing the ITO surface to
the UV light used in UPS measurements can significantly induce a work function reduc-
tion. Examination of X-ray photoemission spectroscopy (XPS) core level line positions
before and after UV exposure concludes that the effect is caused by the formation of
a surface dipole.[239, 242] The reduction of the work function after UV exposure, as
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seen in figure 6.1, can be attributed to a UV-induced desorption of surface contami-
nants, as reported Kim et al. on ITO.[241] Helander et al. have reported work function
measurements using UPS and XPS for fluorine doped tin oxide (FTO), a commonly
used transparent conducting oxide in optoelectronic device applications. They found
that the presence of carbon contamination and UV exposure induces a work function
reduction.[243]

Similarly, Song et al. reported lower UPS work function values compared to the one
deduced from Kelvin probe measurements on NiAl(110). In addition, it was shown that
the work function is dramatically reduced by the oxidation of the surface area.[244]
They attribute that the formation of an interfacial dipole layer to be the main factor that

determined the work function.

Strojnik et al. have reported similar results on MoSI nanowires, used in organic de-
vices as a transparent electrode.[245] However, the difference between the UPS and
KPFM measurements was reduced by heating the samples during the UPS measure-
ment and thus, eliminating possible adsorbates that would lead to surface charges. In
addition, as Sugiyama et al. have reported on ITO, surface treatments used to removed
carbon contamination significantly changed the work function measurements. They
have found that Ar+ sputtering reduced not only the carbon contamination but also the

oxygen content on the ITO surface, leading to a decrease in the work function.[246]

There have been very few reports showing work function alteration of CNT based
transparent electrodes. Friend and coworkers have reported work function values of
multi-walled CNTs (MWNT), measured by UPS.[247] Using different techniques to ox-
idize the CNTs increases the work function by weakening or breaking the w-conjugation.
In addition, Grujicic et al. have reported experimental observations of UV-light accel-
erated oxidation of carbon nanotubes.[248]

Recently, Kang et al. have reported the engineering of the work function of carbon
nanotube (CNT) transparent conductive films on a flexible sheet of plastic.[249] UPS
measurements reveal that a deposition of less than 0.5 nm of aluminum was enough to

control the work function of the transparent conductive films of SWCNTs.

6.3 Functionalized CNTs

Carbon nanotubes (CNTs) have unique properties that make them highly attractive for
transparent electrode device applications, such as their solution processability, elec-
tronic properties and flexibility. However, the intrinsic work function of CNT based

electrodes might create a Schottky barrier, impeding electron transport with some active
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materials within an OPV device. Therefore, due to their chemical inertness, CNTs have
to be functionalized in order to acquire additional physicochemical properties. Since
organic or hybrid materials developed for solar cells, organic electronics, or for many
other applications generally have a work function value ranging from 4-6 eV, it would
be very desirable to be able to tune the work function of the electrodes in order to align

their energy levels with those of the active material(s).

Previously developed single wall carbon nanotube (SWNT) networks have generally
consisted of a mixture of metallic and semiconducting CNTs, which yields to transpar-
ent electrodes with optoelectronic properties close to ITO.[250] However, their compati-
bility with other electronically active organic thin films can be improved to increase their
optical and electronic properties. To achieve this goal, a good electronic homogeneity of
the film will be necessary. Recently, much progress has been achieved in the separation
of SWNTs by electronic type using density-gradient ultracentrifugation.[251] Metallic
SWNTs rise great interest not only because they have a higher electrical conductivity
compared to semiconducting SWNTs [252], but also because the resistance at metallic-
metallic interconnects is much less than at metallic-semiconducting or semiconducting-
semiconducting junctions.[253] As an example, the metallic fraction enhanced conduc-

tivity was demonstrated in nanocomposites with P3HT.[254]

In this work, we investigate the effect of the functionalization of metallic SWNTs by
different metals and after nitric acid treatment by measuring the change in the work
function. We compare values of work function measured by UPS and KPFM and show
a good correlation between these measurements. We also show an effect of the UV and

X-ray exposure on the work function of metallic SWNTSs networks.

6.3.1 Materials & Sample Fabrication

The CNT networks in this work were fabricated (dispersion, spray coating and func-
tionalization) by Dr. Karell Saint-Aubin and Dr. Jean-Pierre Simonato from LITEN
(CEA, Grenoble).

Materials The SWNTs used in this work were 95% metallic, purchased from Nanoin-
tegris. These carbon nanotubes are produced using the electric arc discharge method
and then purified by Density Gradient Ultracentrifugation (DGU) and used as received.

Lengths of individual tubes range from 300 nm to 4 pm with an average diameter of
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FIGURE 6.2: Photographs of the (a) CNT network dispersed in 100 mL solution of

N-methylpyrrolidone (NMP), (b) the spray coating apparatus, (c) the CNT network de-

posited on a transparent substrate, and (c) demonstrating the flexibility of the network
after deposition. Images taken by Dr. Karell Saint-Aubin.

1.5 nm. Nitric acid (HNO;3, CAS#' 7697-32-7) and Sulfuric acid (H,SO,, CAS# 7664-
93-9) are used for SWNTs oxidation. The gold source is provided by Gold(Ill) Chlo-
ride trihydrate (HAuCl,-3H,0, CAS# 27988-77-8), the palladium source is provided
by Sodium Tetrachloropalladate(Il) (Na,PdCl,, CAS# 13820-53-6) and the platinum
source from Potassium Tetrachloroplatinate(Il) (KoPtCl,, CAS# 10025-99-7). For the
functionalization of SWNTs by silver particles, the following products are used Tin(1I)
Chloride (SnCl,, CAS# 7772-99-8), Palladium(II) Chloride (PdCl,, CAS# 7647-10-1),
Hydrochloric acid (HCl, CAS# 7647-01-0), Silver nitrate (AgNO3, CAS# 7761-88-8),
Ammonium hydroxide (NH,OH, CAS# 1336-21-6) and Formaldehyde (HCHO, CAS#
50-00-0). All these products were purchased from Sigma Aldrich and used as received.

Dispersion Carbon nanotubes, as made, often exist as entangled agglomerates. In
order to fully utilize the unique properties of the CNTs, an appropriate dispersion pro-
cedure has to be applied. In this work, SWCNT powder (5 mg) were dispersed by
sonication in 100 mL of N-methylpyrrolidone (NMP), as seen in figure 6.2a, and bath
sonicated for one hour and half at room temperature at a frequency of 53 kHz (180 W).
The SWNTs bundles were separated from the solution by two consecutive centrifuga-
tion steps at 14,500 rpm where 80% of the supernatant were collected each time. The

dispersions were used without any further treatment.

ICAS registry number: a unique numerical identifier assigned by the “Chemical Abstracts Service”
to every chemical described in scientific literature
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Spray-Coating The dispersed SWNTs were spread on Si substrates using the spray
coating technique. The spray coating technique is the simplest and quickest method for
depositing CNT over surface. In addition, transparency of the samples can be tuned
from 0% to 100%. A commercial airbrush (Aztek A4709 with large flow nozzle 0.7
mm) was used, as seen in figure 6.2b. In a typical experiment, the Si substrate was
placed on a hot plate at 250°C in order to accelerate the drying of the small droplets on
surface and facilitate uniform deposition. The solution was sprayed with the airbrush
at a distance of 19 cm from the substrate at 2 bar air pressure. After spreading, the
devices were washed with acetone and dried under nitrogen flux for 3 minutes. Figure
6.3 is a SEM image of the dispersed pristine, HNOj treated and functionalized SWNT

networks after spray coated on a Si substrate for 30 seconds.

Functionalization The as-made electrodes were then used as a reference for further
studies, specifically work function engineering. Then functionalization of the electrodes
was realized with Ag, Au, Pd and Pt nanoparticles. The typical range for the work func-
tion ¢ of these metals are indicated in table 6.1.[255]

Ag | 4.52-4.74 eV
Au | 5.1-5.47 eV
Pd | 522-5.6eV
Pt | 5.12-593 eV

TABLE 6.1: Electron work functions of metals, can change for crystalline elements
based upon the orientation. For example Ag: 4.26, Ag(100): 4.64, Ag(110): 4.52,
Ag(111): 4.74.[255]

The SWNT networks were functionalized post-deposition on the Si substrate. The oxi-
dized m-SWNT sample was treated by immersion in a 10 mL 65% nitric acid bath for
24 hours. The functionalized m-SWNT networks were prepared using Au, Pd or Pt
nanoparticles by immersing the sample in a 20 mL anhydrous ethanol solution, contain-
ing of 7.8 mg of HAuCly, 4.0 mg of Nay,PdCl,, and 41.5 mg of K;PtCly, respectively,
for 24 hours. Each sample was washed with anhydrous ethanol and dried under nitrogen
flux for 3 minutes. The functionalization of the m-SWNT network by Ag nanoparticles
is done in four steps. In the first step, the m-SWNT network is oxidized by immersion
in a mixture of H,SO,:HNOj3 (1:3) for 4 hours. Then, the sample is rinsed with deion-
ized water and is immediately immersed in a 20 mL aqueous solution of 0.1 M SnCl,
and 0.1 M HCI for 30 min. The electrode is then rinsed with deionized water and re-
immersed in a 20 mL aqueous solution of 0.1 M PdCl; and 0.1 M HCI for 30 minutes.

After rinsing the electrode with deionized water, the last step consists of immersing
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the electrode in a 50 mL aqueous electroless bath containing 0.5 g AgNO3, 0.75 mL
ammonium hydroxide and 1.5 mL formaldehyde at a pH of 8.5.

After functionalization, the sheet resistance (R,) of the electrodes was observed to
be lowered, which can be ascribed to metallic doping, as recently reported.[256] The
m-SWNT network has also displayed a high transmittance, suitable for the use as a
transparent conductive electrode. A chemical treatment was also carried out on pristine
nanotubes with nitric acid (HNOs) since this procedure is already known to modify
significantly the work function of CNTs. Hatton et al. demonstrate a shift in the work
function with the oxidation of the SWNTSs.[257] Collins and co-workers have shown
that the CNT oxidation efficiently induces chemical reactions at surface by monitoring
the discrete change of CNT electrical conductance.[231]

FIGURE 6.3: SEM images of the pristine metallic SWNT network (a) deposited by

spray coating treated with nitric acid (b), functionalized by nanoparticles of gold (c),

palladium (d), platinum (e), and silver (f). Image size 400 nmx250 nm. Scale bar =
100 nm. Images taken by Dr. Karell Saint-Aubin.
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6.3.2 KPFM of Functionalized CNTs

KPFM measurements were obtained using the same Ptlr; coated Si cantilever as de-
scribed in table 3.2. Topography was measured at the first resonant frequency (fy) of
61.6 kHz and the CPD was recorded at the second resonant frequency (f;) of 386.2
kHz. For the calculation of the absolute work function, the cantilever was calibrated on
highly oriented pyrolytic graphite (HOPG, ¢yopc = 4.6 eV) before and after each set of
measurements, which resulted in a tip work function (¢;, = 5.1£0.1 eV). However, tip
changes occurred in between measurements, revealed by a variance of the mean CPD
level over the HOPG. Therefore, the value of ¢, was systematically calibrated over
HOPG before and after each measurement. Last, with the aim to investigate the effect
of the UV light on the surface, the KPFM data was acquired on each sample before
and after carrying the in-situ UPS measurements (the XPS measurements were carried
out in the same run). After calibration and adjustment, the histograms of all the CPD
values, both before and after UV and X-ray exposure, can be seen in figure 6.5.

The full series of data was recorded with the same cantilever and operating parameters
for the nc-AFM and KPFM detections. With the aim to minimize non-conventional con-
tributions to the CPD due to SRE forces, we tried to “maximize” the tip-surface distance
by using a relatively moderate frequency shift (A f = -10 Hz). However, stable condi-
tions were only achieved in a regime where damping images display a non-negligible
contrast, as seen in figure 6.4. The KPFM-compensated CPD value may then deviate
from the “pure” work function difference between the sample and the tip. In this study,
our aim was therefore to take benefit of the comparison with the data acquired by using
UPS, to confirm that single-pass KPFM can still be used for comparative investigations
between different samples, even if SRE forces affect the measured CPD.

The results of KPFM investigations are presented in figures 6.4 and 6.5, which display
the nc-AFM/KPFM images and histograms of the CPD levels, respectively.

After UV and X-ray exposure, the average surface potential increases by ~95+15mV,
consistent with the order of magnitude work function change on other surfaces.[239-
2441 It is highly likely that the surface potential variation is due to the surface con-
taminants exposure to the UV radiation.[239-244] Although, another possibility is that
the relatively large increase in the surface potential of the SWNT networks is due to

oxidation of the nanotubes from exposure to the UV radiation.[247, 248]
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FIGURE 6.4: Topography, damping, and KPFM (before and after, at a different loca-

tion, UV and X-ray exposure) of metallic SWNT networks deposited by spray coating

of pristine CNTs, treated with nitric acid, functionalized by nanoparticles of silver,

gold, palladium, and platinum. Z-scale for topography from 0 to 65410 nm. Image

size 750 nmx750 nm. Af =-10 Hz. A, = 57410 nm. Z-scale of the CPD is dis-
played by the histograms in figure 6.5.
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FIGURE 6.5: CPD histograms before and after UV and X-ray exposure (Gaussian fit-

ting in red and blue for before and after, respectively) of metallic SWNT networks

deposited by spray coating of pristine CNTs (a) treated with nitric acid (b), function-

alized by nanoparticles of silver (c), gold (d), palladium (e), and platinum (f). Peak

values indicated by vertical line. (x-axis scale: -600 mV < CPD < 700 mV). CPD
histograms calculated from figure 6.4.

Material CPDmMV) | \cpD (%)
Before | After
Pristine CNT | 130 | 240 | +110=185%
HNO 80 | 160 | +80=1100%
Ag 260 | 340 | +80=131%
Au 170 | 260 | +90=153%
Pd 290 | 40 | +130=1144%
Pt 3360 | 280 | 480 =133%

TABLE 6.2: Peak CPD values calibrated over HOPG and ACPD(%) of the pristine
CNT network, functionalized by nanoparticles of silver, gold, palladium, and platinum,
based on CPD histograms in figure 6.5, before and after UV and X-ray exposure.
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6.3.3 PES of Functionalized CNTs

Directly after the first KPFM measurement, the sample was transferred in-situ to the
PES stage, located in the same UHV chamber as the AFM. In order to utilize the low
pressure of chamber (p = 10~!° mbar), XPS measurements were first taken, followed
by UPS measurements, which due to the influx of the He gas can raise the pressure
up to 1077 mbar. After UPS measurements, the sample was transferred back to the
AFM stage and the pressure recovered back to 10~!° mbar before recommencing KPFM

measurements.

6.3.3.1 Ultraviolet photoelectron spectroscopy (UPS)

As mentioned in chapter 3, the work function of the concentric hemispherical analyzer
(CHA) was calibrated with a clean Au(111) sample. This essentially gives a reference
where the analyzer Fermi edge is on the energy (kinetic or binding) scale. The Au(111)
UPS spectrum is calibrated in a way that the Fermi level is located at 0 eV binding
energy, and therefore equilibrating the sample Fermi level with that of the CHA, i.e. the
“internal” kinetic energy spectrum of the sample.

The Fermi level (or “edge”) manifests itself as a step, since it separates occupied and
empty states. PES works only with occupied states, since there needs to be electrons that
can be photoemitted, and therefore, states above the Fermi level do not emit electrons.
In addition, there is the high binding energy cutoff (or “secondary edge”), where the
spectrum ends. Electrons close to the edge are the slowest electrons of the spectrum
(right at the edge they have a kinetic energy of zero after leaving the sample surface, i.e.
they have barely enough energy to overcome the work function of the material). The
electrons responsible for the secondary edge and the sloping up tail before the edge are
inelastically scattered electrons, which were initially emitted from the valence bands
states, but lost energy through scattering processes on their way to the sample surface.
Since both the Fermi edge and the binding energy of the electrons right at the secondary
edge is known, the work function of the sample can be determined (see equation 3.39),

using hr=21.22 eV for He I radiation as the source.

Since the work function of the CNT networks is expected (from KPFM measure-
ments) to be greater than the work function of the spectrometer (@sample > @spectrometer =
4.28 eV), the sample was grounded at earth potential, allowing the low energetic elec-
trons coming from the sample to enter the detector. If on the contrary @gspectrometer =
®sample» then the sample would be negatively biased in order to facilitate the separation
of the low energy electrons from the sample from those of the spectrometer. The ground

was also necessary in order to prevent charging of the sample.
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FIGURE 6.6: Full UPS spectra of the metallic SWNT network deposited by spray

coating of pristine CNTs (black), functionalized by nanoparticles of silver (red), gold

(green), palladium (blue), and platinum (purple). Spectra adjusted so that the Fermi
edge is at 0 eV and the secondary cut-off is indicated by vertical line.

The UPS measurements were performed in-situ directly after XPS data acquisition, at
a pressure of ~2x10~? mbar, using a He I discharge lamp as the excitation source at
hv=21.2 eV. Typically, ten scans were acquired per sample with the UV light exposing a
~1 c¢cm? area on the sample surface. Proper angle adjustment of ~45° was maintained in
order to extract photoemitted electrons from the top few nm of the sample, as described
in chapter 2 on AR-PES.

Calculating the work function of each CNT network sample is based on the location
of the Fermi edge (at the ! intercept point) and of the secondary cut-off (/2 maximum)
[239, 240, 242, 258], seen in figure 6.7. Unfortunately, the locations of HNO3; Fermi
edge and secondary cut-off were not accurately determined and thus not pictured, as
explained in the forthcoming XPS section.
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FIGURE 6.7: UPS spectra of the metallic SWNT networks deposited by spray coat-

ing of pristine CNTs, functionalized by nanoparticles of silver, gold, palladium, and

platinum. Fermi edge (left column) and secondary cut-off (right column) indicated by

vertical line. Y-axis: Electron Intensity (Fermi edge: counts -103, Secondary cut-off:
counts -10%). X-axis: Binding Energy (eV). Values seen in table 6.3.
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Fermi | Secondary
Edge Cut-off

CNT 0.19 16.71 16.60 | 4.62
Ag 0.18 16.65 16.47 | 4.75
Au 0.17 16.67 16.50 | 4.72
Pd 0.15 16.32 16.17 | 5.05
Pt 0.15 16.25 16.10 | 5.12

Material AE Os

TABLE 6.3: UPS Fermi edge, secondary cut-off, AE and ¢ values (in eV, determined

from equation 3.39 using hv=21.22 eV for He I radiation) of the pristine CNT network,

functionalized by nanoparticles of silver, gold, palladium, and platinum, based on UPS
spectra in figure 6.7.

6.3.3.2 X-Ray photoelectron spectroscopy (XPS)

As discussed in chapter 3, XPS was used in constant analyzer energy (CAE) mode as
quantification of the data is easier due to the fixed resolution of the spectrum. The partic-
ular binding energy peaks for each of the functionalized CNT networks were identified
using values from the NIST XPS database®. Generally, the peaks observed at higher
binding energies, as seen in figure 6.8, are attributed to both Auger photoelectrons and
“ghost” peaks, which arise from different X-ray excitation energies from contaminants
on the anode. A “ghost” peak is seen for O Ka at ~961 eV, indicating oxidation of the
Al anode source filament, a condition that can also broaden the characteristic X-ray line
width. However, a “ghost” peak is not observed for Cu L« at ~608 eV, which if present
would indicate a degradation of the Al anode. However, due to the use of a twin anode
source, cross-talk is often observed that can account for many of the smaller unknown

peaks (which may also be a result of contaminants on the sample surface).[155, 158]

Not surprisingly, a strong C 1s peak (~288 eV) is observed throughout every sample,
indicative of the CNT network. However, the additional presence of the O 1s peak
(~533 eV), combined with the C 1s peak, may also indicate that the sample surface is
not clean, as observed by the presence of extraneous peaks, that may also be indicative
of the “ghost” peaks described above.

A Si 2p peak (~100-103 eV), due to the SiO, surface, is observed in the HNOj3
treated CNT network, indicating that the escape depth of the photoelectrons is greater
than the thickness of the CNT networks. Therefore, the angle of emission was not

properly optimized for this particular sample, as discussed in chapter 3 on AR-PES.

National Institute of Standards and Technology (NIST) X-ray Photoelectron Spectroscopy Database
srdata.nist.gov/xps
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FIGURE 6.8: XPS spectra of the nanoparticle-functionalized CNT networks, circles
indicated metallic peaks magnified in figure 6.9 of Ag 3s-12, 3p-32, 3d-7~2, 3s-52, Au
4f-5h, 4f-7h, Pd 4s-1/2, 3d-32, 3d-92, and Pt 5s-1/2, 4p-1/2.

However, the SiO, peak is not seen in the pristine CNT and functionalized networks,
because careful angle adjustment was adapted in order to obtain photoemitted electrons
from the top few nm of the sample surface. The analyzed region became more sur-
face localized and the surface sensitivity was increased as the emission angle increased.
Typically, the IMFP A is approximately 10-35 A for electron energies in the range of
10 eV < E; < 1400 eV (within the Al Ka source hr range), indicating that most the
photoemitted electrons had an escape depth (~3)\) ranging from 3-10 nm, according
to equation 3.36.[154, 157] The material dependant IMFP \ estimation was modeled
using the IMFP calculator?.[259, 260]

A magnified view of the characteristic metallic peaks of the functionalized CNT net-
works in seen in figure 6.9. Within each functionalized CNT network, an XPS peak
indicating the presence of the particular characteristic metallic nanoparticle is observed.

SIMFP calculator: www.lasurface.com/xps/imfpgrapher.php
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Pt4p 1/2

FIGURE 6.9: XPS Peaks of the nanoparticle-functionalized CNT networks magnified
from figure 6.8: Ag 3s-12, 3p-32, 3d-72, 3s-52, Au 4£-52, 4£-72, Pd 4s-1/2, 3d-32, 3d-32,
and Pt 5s-1/2, 4p-1/2.

In addition, a Ag 3d-72 and 3s-%2 is observed not only in the Ag functionalized CNT
network, but also in the pristine CNT and HNOs treated networks. This is due to the Ag
paste used as a conductive adhesive of the sample onto the UHV stainless sample plate
(escaping from the edges of the Si sample). Since the X-ray beam cannot be seen on
the sample surface, unlike that from the UV lamp used for UPS, the XPS spectra for the
pristine CNT and HNOj treated samples picked this up. Unfortunately, this was also
the case for the UPS measurements on the HNOj treated sample, which heavily skewed
the work function measurements. The UPS and XPS measurements for the remaining

samples were adapted so that the Ag paste did not affect the results.
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6.3.4 KPFM & UPS Work Function Values

O (eV)
Material KPFM
Before After Ups
Pristine CNT | 4.97+0.07 | 4.86+0.10 | 4.62+0.10
HNO; 5.0240.16 | 4.94+0.07
Ag 4.8440.10 | 4.76+0.09 | 4.75+0.10
Au 4.93+0.09 | 4.85+0.11 | 4.72+0.10
Pd 5.1940.08 | 5.06+0.04 | 5.05+0.10
Pt 5.46+0.07 | 5.38+£0.07 | 5.12+0.10

TABLE 6.4: Work function ¢ values in eV determined by KPFM (before and after UV

and X-ray exposure) and UPS of the pristine CNT network, treated by HNO3, func-

tionalized by nanoparticles of silver, gold, palladium, and platinum. Values depicted in
figure 6.10.

In summary, the work function of pristine SWNT networks, treated by HNO3 and
functionalized by nanoparticles of Ag, Au, Pd and Pt, deposited by spray coating on
a Si(111) surface were investigated using KPFM and UPS. The work function values
determined from KPFM and UPS are summed up in figure 6.10. The “error bars” for
the work function values from KPFM were calculated from the first standard deviation
o of the CPD histograms, in which the FWHM = 2./2-1n2 - 0. The UPS error bars

arise from the energy resolution of the analyzer.

As discussed, KPFM work function values are often higher than those measured by
UPS. The KPFM data prior to UV exposure confirms a higher work function than what
is expected. This is indicative of the experimental technique. KPFM measured the local
work function values on a small section of the sample (in our case 600 nm?), while UPS
measures the lowest work function value on a larger area of the sample (in our case 1

cm?).

XPS data clearly revealed the presence of the metallic nanoparticles which can ac-
count for the trend of the work function values. However, the presence of surface con-
tamination indicates that the work function values are deviated from their true values,
confirmed by the XPS measurements and the reduction of the KPFM data after exposure
to UV and X-ray radiation. UPS measurements reveal a lower work function, induced
by the exposure of the sample to UV light. KPFM after exposure to UV radiation con-
firms the work function reduction. The reduction of the work function is most likely
brought about due to the surface contaminants exposure to UV light, as indicated by
prior experiments on ITO, NaCl and TiO,.[239-244] Although surface contaminants
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affected the work function measurements, this effect can be reduced by a surface treat-
ment such as Ar+ ion sputtering.[245, 246] However, as reported by Friend et al. [247]
and Grujicic et al. [248] in the case of MWCNTs, another possible contribution to the

work function reduction of the CNT networks is by oxidation by UV exposure.
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FIGURE 6.10: Work function values of the pristine CNT network, treated by HNOj3

(X indicates expecting UPS value), functionalized by nanoparticles of silver, gold, pal-

ladium, and platinum, determined by KPFM (before and after UV and X-ray exposure)
and UPS. Values obtained from table 6.4.
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6.4 KPFM Conclusions

In conclusion, KPFM has been used to characterize SWNT networks having different
electronic properties. The work function values obtained from the KPFM measurements
were compared to measurements obtained using UPS. Despite acquiring a modest level
of damping contrast, the influence of SRE forces was minimized by working at a nom-
inal frequency shift A f setpoint of -10 Hz, as discussed in chapter 5. This approach
ensured an accurate work function measurement of the SWNT network, taking into ac-
count evidence of surface contaminants by complimentary XPS measurements and UV

induced work function reduction.

In conclusion, single pass AM-KPFM has been applied on a series of functionalized
CNTs networks with different surface electronic properties. The work function values
calculated from the CPD images have been compared to the ones deduced from UPS
measurements, and a good agreement has been obtained between the results from both

techniques. We attribute the quality of our results to two factors:

(1) the full series of samples was investigated with the same operating set points (i.e.
with the same tip-sample separation) and,

(1) the tip-surface separation was adjusted to minimize the contribution of SRE forces.

This confirms again that single pass KPFM can be, at least in some cases operated
with small tip-surface separations, used for quantitative measurements of the surface

properties.



Conclusion:

Future Perspectives

n this thesis, high resolution noncontact atomic force microscopy (nc-AFM)
%I@ and Kelvin probe force microscopy (KPFM), under ultrahigh vacuum, have
been applied to investigate the structure and electronic surface properties
of model organic materials and photovoltaic devices at the nanoscale. The series of

samples investigated constitute key elements of an organic BHJ photovoltaic device,
including:
(i) the active BHJ layer,

(i1) self-assembled electron donor 7-conjugated oligomers and,

(i11) the flexible transparent anode.

The chemical phase separation and the electronic properties of a highly efficient
nanoscale phase segregated P3HT:PCBM bulk heterojunction photovoltaic device were
simultaneously mapped by nc-AFM and KPFM at the sub-10 nm scale. Combining the
topography images with the damping contrast revealed the interpenetrating percolating
network of the donor and acceptor materials. However, further investigations are needed

to establish the exact nature of the mechanisms responsible for the damping contrast.

The nanometer spatial resolution achieved represents a ten-fold improvement over
previous reports on organic solar cells. Illuminating the surface revealed a net accumu-
lation of negatively charged carriers at the surface, which is consistent with the better
connection of the P3HT network to the bottom hole collecting PEDOT:PSS/ITO an-
ode. In addition, the charge carrier generation at the donor-acceptor interfaces has been
visualized by reconstructing 2-dimensional surface photovoltage images. The lateral
extension of the space charge region at the donor—acceptor interfaces is estimated to be

no more than 4 nm.

However, these results have been achieved at close tip-surface distances for which
there may be non-negligible contributions of short range forces to the measured CPD.
Further investigations are needed to determine to what extent the surface photovoltage
measured at close tip-surface separation may differ from the one measured out of the
range of SRE forces.

129



Chapter 7. Conclusions 130

CCnapterd
_ 1ap£,r 2

FIGURE 7.1

As a first step, the influence of the tip-surface separation on the CPD contrasts has
been investigated for two related model oligomers (denoted as QTF8 and FG1) form-
ing self-assembled m-stacked nanowires on HOPG. Distance dependant spectroscopy
measurements revealed that the CPD is strongly dependent upon the tip-surface dis-
tance, and that CPD contrasts are correlated with the topography (i.e LCPD) at small
tip-surface separations. In addition, a crossover has been observed to occur between the
LR and SR regimes. SRE forces contribute to the measured CPD for typical tip-sample
separations < 1 nm. While it was not possible to establish a direct relation between the
LCPD contrast and the lattice of the molecular electric dipoles, it is highly probable
that a tip-induced proximity effect is involved in the CPD imaging process. Therefore,
a quantitative measurement of the local electric dipoles is unlikely. However, the in-
fluence of the SRE forces can be minimized by working near the onset of the damping
contrast. This establishes an approach to perform single pass KPFM experiments at
tip-surface separations out of the range of SRE forces on organic layers.

Following that idea, KPFM has been used to characterize SWNT networks having

different electronic properties. An accurate work function measurement of the SWNT
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networks has been confirmed by complementary UPS measurements, as well as taking
into account surface contamination effects (as confirmed by complementary XPS mea-
surements). The good agreement between the results of UPS and KPFM is attributed to
the care taken to map the surface potential with the same tip-surface separation over the

full series of samples.

In our opinion, our work clearly demonstrated that significant progress can still be
made by nc-AFM investigations combined with KPFM in UHV on solution processed
organic thin films and BHJ photovoltaic devices. However, our work does pinpoint
some key issues that still remain to be addressed, specifically concerning the nature of

the tip-sample forces at play in the nc-AFM/KPFM imaging process.

7.1 Future Perspectives

To address these issues, we propose the following roadmap for future investigations.

(a) gH17

‘ n-1
donor (D) i acceptor (A)

FIGURE 7.2: Chemical structure (a) and TEM image (b) of a co-oligomer donor-
acceptor nanostructured film. (c) Schematic illustration of the lamellar nanostructures
in films. Image modified from reference [261].

Obviously, there is now a crucial need to investigate donor/acceptor interfaces with a
higher level of structural organization. Self-assembled material exhibiting these prop-
erties have been recently developed as an alternative to the solution processed blend
for PV applications. For example, Bu and coworkers have designed and synthesized
novel liquid crystalline conjugated co-oligomers, which are composed of donor and
acceptor segments, as seen in figure 7.2.[261, 262] By tuning the molecular weight
and post-treatment conditions, the length of each segment is customizable so that the
films comprise ordered alternating D/A lamellae perpendicular to the substrate. Such
samples would be ideal to investigate the nature of the damping and LCPD contrasts

over the individual donor and acceptor components, as well as the carrier generation
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at the interfaces. The possibility to tune the length of each segment will greatly help
to identify the donor and acceptor groups when performing combined nc-AFM/KPFM
experiments. Moreover, the surface morphology could be ideal to minimize possible
crosstalk effects between the topography and CPD feedback loops. This would provide

an interesting way to perform quasi-constant height measurements of the CPD contrast.

A complementary approach will consist in local investigations of the electronic trans-
port under current flow in model systems. KPFM has already been widely used to
investigate the voltage drop across the conducting channel in various kinds of devices.
Here, the idea would be to check how the tip-surface distance effects the voltage drop
measurement at the sub-10 nm scale. This can confirm that despite the contribution of
short range electrostatic forces, KPFM can be used to probe the local electronic trans-
port at the surface.

A model system could be provided by self-assembled Au networks, already investi-
gated in our laboratory in collaboration with the group of Professor P. Moriarty at the
University of Nottingham, as shown by figure 7.3.[263] They can form percolating self-
organized domains on SiO, and would make ideal samples to probe voltage drops at the

sub-10 scale.

7 nm EINFNANE400 mV

FIGURE 7.3: Topography (a,b,d) and CPD (c,e) of Au nanoparticle network. (a) 1500

nmx 1500 nm, 500x500 pixels, Af =-10 Hz, A, =38 nm V, = +0.6 V. (b,c) 500

nmx 500 nm, 300x300 pixels, Af =-24 Hz, A,;» = 38 nm, scan speed = 40 ms per

pixel. (d,e) 100 nmx 100 nm, 200x200 pixels, A f =-31 Hz, A,;; = 38 nm, scan speed
=40 ms per pixel. E. J. Spadafora, unpublished.

Lastly, following the recent results of the IBM group of G. Meyer demonstrating
sub-nanometer resolution in charge mapping [215], it would be interesting to perform
experiments in the regime of ultra-low tip oscillation amplitude by using cryogenic
tuning-fork AFM.



KPFM on FG1:PC,,BM BHJ:

Morphology
SPV

A.1 Materials & Sample Fabrication

AM-KPFM has been applied to a BHJ blend consisting of a novel 7-conjugated donor
material (FG1, described in chapter 5) and PC7yBM as the electron acceptor. The sam-
ple used in this study was composed of a 350 to 400 nm thick active blend composing
of FG1 and PC7,BM in a weight ratio of 1:1.5, respectively, and deposited on a PE-
DOTT:PSS/ITO glass substrate. A post-deposition annealing was applied at 120°C for
5 min. The solution-processed bulk heterojunction FG1:PC7,BM solar cells showed a
PCE as high as 0.78% when fabricated in a 1:2 weight ratio, respectively. However, the
sample used for this study had a power conversion efficiency of 0.22%. The develop-
ment and performance characteristics of the solar cell have been described in detail in a

previous report.[79]

A.2 Topography

Initial FM-AFM inspection, using a SSS cantilever (details in table 3.2), revealed dis-
tinct rectangular shaped domains in the topography, see figure A.1, which proved to
be an interesting characteristic of this particular sample. The aligned fibers within the
rectangular shaped domains of the solar cell are donor-rich, while the light spots are
attributed to acceptor-rich (PC7yBM) structures, seen in detail in figure A.1(b).[79] In
the large scale image, figure A.1(a), PC7yBM clusters of around 10-20 nm are apparent,
as depicted by the red arrows in figure A.1(a) and circled in figure A.1(b). However,
the higher magnification image reveals more acceptor-rich areas that cannot be seen at
larger scales, as depicted by the red arrows in figure A.1(b). Furthermore, it is clearly
seen that within the grains of the blend there exists an ordered fibril-like structure of the

FG1 oligomer. This order is clearly revealed in the damping image, figure A.2(b).
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FIGURE A.1: FM-AFM (UHYV, 300K) 2D topography images of the FG1-PCBM sam-

ple (Af =-25 Hz, Ay;p = 34 nm). (a): 1150 nmx 1150 nm, 512x512 pixels. (b)

Zoomed region outlined in red in (a). (b): 350 nmx350 nm, 512x512 pixels. Red
arrows and circles indicate PCBM clusters.

FIGURE A.2: FM-AFM (UHYV, 300K) 2D topography (left) and damping (right) im-
ages of the FG1-PCBM sample (300 nm x300 nm, 512x512 pixels, A f =-40 Hz, A
=22 nm).

As described in chapter 5, pure FG1 self assemblies displayed an highly ordered mor-
phology after direct deposition on HOPG. The molecular lattice periodicity of FG1
stacks was determined to be 4.55+0.05 nm, as seen in figure A.3(a) and (b). Remark-
ably, a similar molecular lattice periodicity of FG1 stacks is also observed in the 350-
400 nm thick BHJ blend, as seen in the magnified damping image A.3(d). Furthermore,
it is clearly seen that within the FG1 stacks of the BHJ blend, small PC;oBM clusters
(<10 nm diameter) emerge at the surface, highlighted by yellow circles in A.3(d).
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FIGURE A.3: FM-AFM (UHY, 300K) 2D topography (a,c) and damping (b,d) images

of pure FG1 on a HOPG substrate (a,b) and the FG1-PCBM blend (c,d). (a,b): 100

nm x 100 nm, 400 x400 pixels, Af = -25 Hz, Ay = 14.6 nm. (c,d): 100 nmx 100 nm,

500x 500 pixels, Af =-30 Hz, A, = 27 nm. Yellow arrows indicating equivalent
lattice periodicity and yellow circles outlining PCBM cluster.

A.3 Contact Potential Difference
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FIGURE A.4: Absorption spectra (red) and IPCE (blue) of FG1:PC7;BM in a weight
ratio of 1:2.5. Laser illumination at 532 nm (green-dashed line). Image modified from
reference [79].

Like in the P3BHT:PCBM investigation, a 532 nm cw laser was used, since both com-
ponents of the blend showed a high absorbance between 350 and 600 nm, as seen in
figure A.4.[79] At the global scale, as seen in figure A.5, the topography from the in
dark to the illuminated state remained unchanged, proving the absence of artifacts by
illuminating the surface by the 532 nm laser. However, the CPD from the in dark to the
illuminated state changed significantly. In dark, a histogram plot, as shown in figure
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FIGURE A.5: FM-AFM (UHYV, 300K) 2D topography (a,c) and CPD (b,d) images of

the FG1-PCBM blend in dark (a,b) and under 532 nm illumination (c¢,d). 750 nmx 750

nm, 512x512 pixels, Af = -18 Hz, A,;» = 45 nm, scan speed = 50 ms per pixel.
Histogram of the CPD in dark and under illumination shown in graph.

A.5, shows an average CPD of around +950 mV, while under illumination the average
CPD increases to almost +1150 mV, an increase of approximately 200 mV. Since the
CPD is proportional to the difference of the work function of the tip and sample, equa-
tion 3.31, this corresponds to a negative change in the work function of the sample.
This indicates a net accumulation of negative carriers at the surface. This has also been
observed in the P3BHT:PCBM blend described in chapter 4.

Considering that the basic operating principle of a BHJ organic solar cell is that
exciton dissociation takes place at the donor/acceptor interface and the electrons are
transferred at the fullerene, PC;oBM, acceptors, a closer examination of the PC;(BM
structures was performed. Figure A.6(a)-(d) is a higher magnification (250 nm?) of
the FG1:PC7;,BM blend. At this scale, there is a small x-y displacement (<50 nm) be-
tween the in dark and illuminated images, most likely due to piezoelectric creep over the
course of several hours of scanning. Nonetheless, the same features are clearly present
in both images, such as the PC7oBM cluster highlighted by the red and blue squares in
figure A.6(b) and (d), respectively. It is clearly apparent that the same positive shift of
the CPD takes place at local scale as it did at the global scale, as seen in figure A.S5.
However, at this scale, it is evident that this change is not uniform throughout the entire
FG1:PC7BM blend. One area in particular was examined to quantify the local CPD
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FIGURE A.6: FM-AFM (UHYV, 300K) 2D topography (a,c) and CPD (b,d) images of

the FG1-PCBM blend in dark (a,b) and under 532 nm illumination (c,d). 250 nmx250

nm, 500x500 pixels, Af = -20 Hz, A,; = 45 nm, scan speed = 50 ms per pixel.

CPD profile of the same magnified PCBM cluster in dark (e) and under illumination
(f) shown in graph.

change, as outlined by the red and blue squares in figure A.6(b) and (d) and shown in
figure A.6(e) and (f), respectively. This area encompasses a ~14 nm wide PC;BM
cluster emerging from the surrounding FG1 matrix. A typical profile of the same area
is shown in the graph of figure A.6. While numerous profiles were taken, this is shown
as an example of the typical response of the PC7oBM structure displayed under illu-
mination. A predominate increase of approximately 125 mV from the in dark to the
illuminated state is seen in the PC;yBM acceptor material, indicating a clear build up
of negative charges. However, due to the complex nature of the topography and CPD
signal, the m-conjugated molecular periodic stacks, as seen in figure A.3(c,d), are not
visible in the CPD signal. Further investigations will have to be performed to increase

the resolution at this scale.
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