Chapter 2
Methods and Concepts

This chapter offers an introduction to the theoretical and experimental methods,
which are important in the framework of this thesis. First, the concept of low-energy
electron diffraction as a tool for surface structural investigations is outlined. Specif-
ically, after a brief historical overview on the development of LEED in combination
with its key features and challenges (Sect. 2.1.1), the typical experimental setup is
illustrated (Sect. 2.1.2). In the following section, the basics of surface-diffraction
theory are presented in view of the analysis performed in the time-resolved surface
study of Chap. 6 (Sect. 2.2). For this purpose, the materials comprising the sample
system are introduced (Sect. 2.3).

2.1 An Introduction to LEED

2.1.1 LEED Historical Context and Key Aspects

Low-energy electron diffraction is a technique for the structural investigation of
crystalline surfaces based on the diffraction of electrons with low kinetic energy. The
origins of LEED go back to the 1920s, when Davisson and Germer directed a beam
of monochromatic, slow electrons at a nickel single-crystal under vacuum conditions
[1]. They found that the recorded angular intensity pattern of the scattered electrons
was in agreement with the concept of diffraction of wave-like electrons, as had
recently been proposed by de Broglie [2]. At the same time, Thomson independently
made similar observations with faster electrons in a backscattering as well as in a
transmission geometry [3, 4].

These findings mark the beginning of modern electron diffraction experiments
such as LEED, which then eventually developed into the powerful tool in surface
crystallography it is today. With respect to the technique of X-ray diffraction from
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crystals, which was already well-established at that time,' the use of electrons pre-
sented a few important advantages:

e X-rays are scattered relatively weakly by matter, resulting in large penetration
depths, making electron-based methods far more sensitive to the surface structure.

e The energy of electrons can be easily adapted to fit the investigated sample, which
is a far more involved task for most X-ray sources.

e Electronic and magnetic lens systems allow for a straight-forward manipulation
and tailoring of the electron beam, while X-ray optics are challenging to produce.

e For the typical electron energies used for highest surface sensitivity, the electron
wavelengths are comparable to the lattice spacing of most crystals, leading to large
scattering angles.

Despite these advantages, the subsequent development of LEED came to an untimely
end only few years later, owning largely to difficulties in meeting the requirements
associated with the experimental setup. Specifically, high surface crystallinity as
well as cleanliness of the sample both necessitated operation under ultrahigh vac-
uum conditions, which were not easily achievable at the time. Additionally, the lack of
spatially-resolved detector systems and computational resources made LEED record-
ings arduous and time-consuming.

Only with the availability of suitable vacuum, electron sources and detection
techniques in the 1960s, LEED achieved a wide acceptance as a surface probing tool
within the scientific community. These advantages also in turn led to the development
of the theoretical methods based on multiple scattering to allow for a quantitative
understanding of the recorded data. With the technological requirements met, LEED
rapidly became one of the standard methods for structure determination [6]. Nowa-
days, besides qualitative investigations on the symmetry and periodicity of a surface,
the analysis of I-V curves and spot profiles in combination with robust numerical
methods enables scientists to obtain detailed information about crystal defects as well
as the precise atomic arrangement within a surface unit cell. Moreover, LEED setups
are routinely coupled to Auger electron spectroscopy (AES), additionally yielding
information about the chemical composition of surface contaminants [7].

2.1.2 Experimental Setup

LEED investigates the surface structure of a given crystalline sample by recording the
scattered diffraction orders. Commonly, as shown in Fig.2.1a, a collimated electron
beam for sample probing is generated within a thermionic electron gun. The latter
comprises a heated cathode filament and an electrostatic lens system, whereby LEED
gun currents are typical in the range of 10~* and 10~% A [8]. The emitted electrons

IThe first quantitative X-ray bulk structural analysis was performed in 1913, only one year after
the initial prove of X-ray diffraction [5].
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Fig. 2.1 Sketch of LEED principle and IMFP computation. a Electrons generated by a thermal
emitter are focused on the sample by an electrostatic lens system. The (elastically) backscattered
electrons are then recorded on a fluorescent screen after passing an energy filter (usually both
shaped as a spherical cap). b Universal curve of IMFP for electrons in a solid [10]. Energy range
with highest surface sensitivity below 1 nm indicated by arrows

are then backscattered by the sample and subsequently recorded on a spherical cap-
shaped fluorescent phosphor screen. Since only the elastically scattered electrons
carry the wanted structural information [9], an energy filter is employed to deflect
any inelastically scattered electrons. The energy filter is most commonly made from
a series of fine metal grids with the inner ones set to a retarding electrostatic potential
just below the initial electron energy, allowing only elastically scattered electrons to
pass.

Due to the use of low-energy electrons, LEED is extremely surface sensitive and
has to be carried out under ultrahigh vacuum conditions to avoid sample contami-
nation, e.g. through oxidation or adsorbed molecules. A plot of the inelastic mean-
free-path (IMFP) as a function of the kinetic electron energy is shown in Fig.2.1b
[10] (for computation, see Appendix A.2). The minimal IMFP for most materials,
including graphite, is found at electron energies of about 50 eV. Nevertheless, very
high surface sensitivity with an IMFP below 1 nm is generally achieved for energies
between 10 and 700 eV. This sensitivity stems from the collective excitation of vibra-
tional lattice (phonons) and electron (plasmons) modes with energies between a few
to some tens of electron volts above the Fermi level [11]. These excitations signif-
icantly reduce the typical penetration depth of impinging electrons by removing a
substantial fraction of their initial kinetic energy.

Depending on the investigated quantity, LEED is operated in the following ways:

1. For a qualitative analysis of the surface structure in terms of lattice spacing,
periodicity and symmetry, merely a reciprocal scale has to be determined to
access these parameters directly. This can either be done by knowledge of the
experiment’s exact geometry or a reference diffraction pattern.
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2. For a more quantitative analysis, the diffraction spot profile can be used to
determine deviations from the ideal order, including the domain size (spot width)
and the existence of steps, facets or surface defects (shape) [12, 13].

3. In order to extract information about the precise internal unit cell structure, the
diffraction spot intensity is recorded as a function of electron energy (so-called
I-V curves) [14-16]. An iterative approach based on the comparison with a
theoretical model then leads to the atomic arrangement within the unit cell.

The combination of these analytical capabilities makes LEED into a versatile tool
for detailed structural surface characterization.

2.2 Diffraction Pattern Formation in Two Dimensions

Diffraction can be seen as a result of the interaction between an incoming, peri-
odic wave field and a likewise periodic array of scattering centers [11]. At large
enough wave numbers kg of the incoming wave, the amplitudes of scattered waves
are in-phase along certain directions (diffraction condition), resulting in an observ-
able intensity on the detector. Normally, not only one but a larger number of con-
ditions along different scattering directions are met simultaneously, resulting in the
appearance of multiple beams and the so-called diffraction pattern.

To obtain a mathematical description of the process, we are assuming a mono-
chromatic incoming plane wave as well as an infinite periodicity of the sample. This
requirement is usually an adequate assumption in two dimensions with at most a few
layers in the direction perpendicular to the surface, as well as an in-plane periodicity,
which is limited only by either the domain size of the sample or the coherently probed
area.

The surface periodicity is given in terms of a lattice. A lattice is defined as the
simplest arrangement of points which follow the fundamental periodicity of the
crystal [11]. Individual mesh cells of a lattice are called unit cells and carry the
relationship between the lattice and the actual atomic positions (Fig.2.2). Unit cells
are chosen according to be the smallest possible repeating unit to fully describe the
crystal structure. Depending on the actual atomic arrangement, different choices of
unit cells are often possible to describe the same structure. A real space lattice is
described by a set of two linearly independent lattice vectors defining the boundaries
of the unit cell.

The above described diffraction condition, namely that a net flux of scattered
waves is recorded along those directions, in which constructive interference occurs,
is called the Laue condition and can be written as (Fig.2.3)

a(sin ®, — sin ©g) = n\, (2.1)
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Fig. 2.2 Sketch of a single unit cell (blue) with lattice vectors a and aj in case of a hexagonally
symmetric surface atom arrangement. Dashed areas denote repeating unit cells. Reciprocal lattice
vectors displayed in red

Fig.2.3 Sketch of diffraction from a one-dimensional array of scatterers. Dashed black line denotes
“surface” normal with unit vector n. Incoming (outgoing) wave vector labeled sg (s, ). Red and green
lines denote path length contributions (a sin ®) and (a sin ®,,), respectively. Lattice parameter: a

where ®¢ and ®,, are the angles of the incident and scattered waves, respectively, n\
an integer multiple of the wavelength of the incoming wave, and a = |a| the lattice
parameter.

When written in terms of the unit vectors sy and s,, of the incident and scattered
beam, respectively, this expression becomes

a(s, —sp) = aAs =n\. 2.2)

Hence, the diffracted beam is determined by the normalized path length difference
As, which is given by integer multiples of A\/|a|, a quantity proportional to the
reciprocal lattice constant. Specifically, the reciprocal lattice vectors, a, are defined
in terms of the real space lattice vectors, a;, by the following relationship [17]:

a; XN

1 = :

2.3)
la; x aj|
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In Eq.2.3, n is the unit vector normal to the surface as depicted in Fig.2.3. The
relationship between real and reciprocal lattice vectors is often also expressed by
a’a; = 2md;; leading to the pairwise perpendicular vectors illustrated in Fig.2.2.
Any general translation vector, relating two reciprocal lattice points, therefore
takes the form
gnk = hal + ka3 = As/\. (2.4)

The integers & and k are called Miller indices.

2.2.1 Ewald Construction

The above-mentioned diffraction criteria can be visualized by a geometrical con-
struction called the Ewald construction. Before doing so, we will briefly assess the
impact of two-dimensionality on the diffraction process.

From Eq.2.3 one can see that whenever a real space lattice vector is increased
in length, the corresponding reciprocal vector is decreased accordingly. Considering
an isolated two-dimensional system, the lattice vector normal to the surface is infi-
nitely stretched, hence the respective reciprocal lattice vector becomes infinitesimally
small. This means that parallel to this direction, interference effects are eliminated,
allowing the beam to be observed at all angles and energies. In the Ewald construc-
tion, this is expressed by the existence of reciprocal lattice rods rather than points for
the direction normal to the surface (Fig.2.4). As a consequence, a diffraction pattern
of a quasi-two-dimensional system is seen at nearly any incident angle and energy.

In Fig. 2.4b, the Ewald sphere (in two dimensions) is shown for a single row of the
surface reciprocal lattice depicted in Fig. 2.4a. The incident wave vector kg = 27/
(green arrow) impinges on the sample surface and is scattered (red arrows). As stated
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Fig. 2.4 Ewald construction. a Reciprocal space of a periodic surface with rods instead of points
perpendicular to the surface. Numbers above rods Miller indices. Red arrows reciprocal unit vectors.
Green rectangle denotes single row depicted in (b). b Two-dimensional Ewald sphere. Incoming
wave vector Kg in green, back-scattered (forward-scattered) wave vectors Ky, in red (blue) with h
and & Miller indices
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earlier (Sect. 2.1.2), we are only concerned with the elastically scattered waves, since
they carry the structural information of the sample system. If the scattered beams
do not lose energy, they must have the same length as the incident wave vector, thus
lying on a circle (sphere in three dimensions). Hence, the intersections of the circle
of radius |ko| with the lattice rods fulfill both the condition of energy conservation
as well as the Laue diffraction condition.

The direct reflection from the incident beam is labeled koo and usually has to be
blocked in order to observe the other, less intense diffracted beams. In the case of
very thin samples or high electron energies, not only reflected, but also transmitted
beams will be seen. Notably and in stark contrast to bulk diffraction, diffraction
patterns will not only be observable for certain energy-angle relations, but basically
for any chosen configuration, as long as the Ewald sphere’s diameter is larger than
the reciprocal lattice constant.

2.2.2 Overlayers and Domains

Based on the concept of the Ewald sphere, the total number of diffracted beams with
their respective scattering angles can be determined for a given energy in combina-
tion with the knowledge of the reciprocal lattice. While the bulk structure of crystals
is generally well known from x-ray crystallography, structural deviations of the sur-
face from the bulk are quite common. Typical deviations may stem from surface
reconstructions due to symmetry breaking and subsequent energy minimization or
from the adsorption of molecules [11, 18]. This individual surface reconstruction
will hereby strongly depend on the bulk structure, the type of molecules and bonds
involved, as well as environmental factors such as temperature and pressure.

In the most general case, the lattice vectors of the overlayer or superstructure can
be expressed in terms of the lattice vectors of the primary lattice [11]:

by =mya; + mioay, (2.5)
by = ma1a; + moan. (2.6)

This can be rewritten in matrix notation as
b= (bl) — (’"“’"12)(31) — Ma. 2.7)
b> ma1 mo2 a
Similarly, a relationship between the reciprocal lattices can be established
b* = M*a*, (2.8)

where the matrices M and M* are related by [11]
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miyy mi 1 my —mjy T
= — < MM =2xl, 2.9
(M21 M22) det M* (—MTZ my (M7) 8 9

with 1 representing the identity matrix in two dimensions. Once the reciprocal lattice
vectors of the superstructure are extracted from the diffraction pattern, its real space
lattice vectors can in principle be computed. Nevertheless, this will only yield the
periodicity of the overlayer, but not the information about its atomic arrangement
or the registration to the surface. For an identification of the atom’s positions within
the unit cell, additional information needs to be included, e.g., from measurements
of the I-V curves of the superstructure spots or by prior knowledge about preferred
bonding sites of an adsorbate.

Frequently, more than one orientation of the superstructure is abundant. Such
regions, which are comprising a certain orientation of the overlayer, are called
domains or islands in case of very small coverage. Depending on the characteristic
length scale of the domains, the probed sample area, and the coherence length of the
source relative to each other, different results in term of observed diffraction patterns
may be expected. When the domain size is comparable to the investigated sample
area, the probe beam can in principle be scanned over the surface, yielding different
diffraction patterns depending on the underlying domain orientation. In contrast, a
domain size well below the size of the probed region leads to two distinguishable
cases, depending on the ratio between coherence length /. and domain size d:

1. I < d: A superposition of diffraction patterns from different domain orienta-
tions.
2. l. > d: An interference between the diffraction signals from different domains.

Generally, the existence of domains can result in an additional ambiguity when
interpreting the structure of the overlayer (see Fig.2.5). In the diffraction pattern
shown in Fig.2.5A1, the clean surface (full circle) and overlayer (empty circle) spots
have been identified. The overlayer is interpreted as a 2 x 2 superstructure (red unit
cell), which translates to the real-space periodicity shown in Fig. 2.5B 1. Alternatively,
the same diffraction image (Fig.2.5A2) can be understood as the superposition of
three overlayer domain types as indicated in the real-space image in Fig. 2.5B2.

However, there exist several options for resolving this ambiguity in the interpreta-
tion of the diffraction patterns. For instance, the sample could be prepared in a way to
allow only certain domain orientations, e.g., by the introduction of step defects [19].
Similarly, a piecewise scanning of small sample areas could reveal the abundance of
domains.

When taking the diffraction pattern from surfaces or thin films with more than
one atomic layer, the scattering from successive crystal planes has to be taken into
account. In case of a rationally related overlayer, the lattice vectors can be expressed
via Egs.2.5 and 2.6.

An incoming beam sg (see Fig.2.3) then produces a series of diffracted beams
following the relation given in Eq.2.4:

s0 — sik = A(hb} + kb3). (2.10)
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Fig. 2.5 Exemplary ambiguity in real-space superstructure lattice reconstruction. Clean surface
(overlayer) unit cell(s) in blue (red). Top panel Interpretation as a single 2 x 2 overlayer structure.
Bottom panel: Interpretation as a superposition of three 2 x 1 overlayer domains. Both real space
superstructures shown in (B1) and (B2) result in the same diffraction pattern depicted in (A1)
and (A2)

This beam is now incident upon another lattice plane, resulting in a new set of beams

Shk —Sfg = A(fa] + ga3), hence (2.11)
S0 —Srg = A(f + hmY, + km3))a} + (g + hmi, + km3,)a3), (2.12)

with f, g, h, k, m;y integers. Therefore, the beams s s, must correspond to the same
set of angles as the sp; set. This also means that no new diffraction beams from
scattering of successive planes will be introduced and multiple scattering in this case
only shifts the intensities between diffraction spots.

2.3 Graphene and Graphene Technology

Whereas surfaces and in particular atomically thin superstructures can be seen as
quasi-two-dimensional systems, free-standing 2D materials have not been available
until very recently [20]. And even though there is now a vast number of mono-
layer systems available, including various types of oxides (e.g. BSCCO (“bisko”),
BiySrpCa;,— 1 Cu,, Oz, 444« ) or chalcogenides (e.g. molybdenum disulfide, MoS>), the
material that continues to attract the most attention is graphene, a single crystalline
sheet of carbon atoms [21].
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One reason for the popularity of graphene as a research material are its outstanding
electronic and mechanical properties as a consequence of its low dimensionality in
combination with its atomic and electronic structure [22]. Specifically, the extremely
high carrier mobility of graphene, even at elevated temperatures, motivates significant
efforts in the field of graphene-based electronics. This includes, for example, the
development of single-electron, high frequency transistors operating ballistically
at room temperature [23-26] as well as devices for electromagnetic interference
shielding [27]. Graphene-based applications are also under investigation in the fields
of sensor development, biology and medical sciences [28, 29]. To date, however, most
of these applications are not within immediate reach due to still existing challenges,
mainly connected to the complexity of large-scale manufacturing of high-quality
graphene sheets [28].

In contrast, the first applications using graphene as a compound material, in partic-
ular within a polymer matrix, are already available today [30-34]. So far, applications
include graphene-based touch-screens [35-37], coatings for thermal and electromag-
netic shielding and conductive ink.?

Yet, before graphene composite materials are discussed, a brief introduction to
graphene is presented here. In view of the analysis performed in this work, this
introduction will mainly focus on the structural properties of graphene. A broader
and more general review of graphene can be found in Ref. [22, 28].

2.3.1 Structural Properties of Graphene

Graphene consists of a single layer of carbon atoms arranged in a hexagonal lattice
with a two-atomic base (Fig.2.6) [38]. The corresponding reciprocal lattice there-
fore also exhibits a six-fold symmetry with reciprocal lattice vectors as depicted in
Fig.2.5A.

The four binding electrons of each carbon atom hybridize into three covalent
sp” bonds and a single, delocalized 7 bond [39]. The carbon-carbon bond length is
1.42A, leading to a unit cell vector length of |a;| = |az| = V3:1.42 A = 2.46 A [40].
The covalent bonding energy within the lattice plane is large (Ejpplane = 4.3 €V)
compared to the van der Waals bonding energy between adjacent, stacked sheets in
the case of graphite (Enormal = 0.07 eV) [39]. The successful exfoliation of graphite
to isolated single sheets of graphene can be attributed to this discrepancy [20].

Due to the honeycomb structure of the lattice, different types of grain boundaries
for polycrystalline graphene are possible. Grain boundaries can in principle strongly
influence the mechanical and electronic properties of the material by the formation
of defects [41-43]. In the case of graphene, however, it was found that for large
tilting angles the incorporation of defects into the crystal lattice does not necessarily
lead to a drastic decrease in bond stability. In particular, tilting angles of 21.7°

2List of vendors of a selection of graphene-based applications can be found here:
http://www.understandingnano.com/graphene-companies.html.
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Fig.2.6 Hexagonal lattice of graphene (o« = 120°). Possible representation of the unit cell indicated
in blue with unit cell vectors a; and ap. Atoms of the two sub-lattices are shaded with dark and
light gray. Possible grain boundaries for polycrystalline graphene: Cut along [10] direction leads to
zigzag (red), cut along [—12] direction leads to armchair configuration (green). Reciprocal lattice
as in Fig.2.5A

(zigzag configuration, red dashed line and atoms in Fig.2.6) and 28.7° (armchair
configuration, green dashed line and atoms in Fig.2.6) lead to less initial strain on
the carbon bonds compared to smaller angles in the same configuration, and are
therefore very stable [43].

2.3.2 Polymers in Graphene Technology

As previously mentioned, potential graphene applications do not only arise from the
use of pure graphene, but also from the combination of graphene with different other
materials. For the latter case, two major current research areas can be identified,
namely graphene-based heterostructures and composite materials.

Heterostructures describe a group of thin-film type materials, which are con-
structed by consecutive stacking of individual two-dimensional crystalline sheets on
top of each other [21]. Whereas strong covalent bonds act within these sheets, the
resulting heterostructures are held together by relatively weak van der Waals forces
[44, 45].

The big appeal of such structures stems from the idea to atomically tailor material
properties. With the large amount of readily available 2D crystals [21, 28], this pro-
vides for a seemingly endless number of possible combinations. Specific efforts are,
for example, dedicated to find high temperature superconductors [21] or substituents
for silicon-based electronics [46].
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A conceptually similar approach to heterostructures is the manufacturing of com-
posite materials. Here, too, the modification of material properties is in the fore-
ground, which is commonly accomplished by immersion of graphene sheets or
flakes (so called nano-platelets) in a polymer matrix [30, 31, 47-49]. From the
technological point of view, graphene-based composite materials therefore offer one
great advantage compared to heterostructures: Since they do not necessitate layer-
based, large-area, high-quality, single-crystalline graphene, but mostly rely on nano-
platelets of few to few tens of micrometers in diameter, the production process is
greatly facilitated. At very low volumetric fractions of graphene, significant increases
in tensile strength, Young’s modulus, as well as thermal and electric conductivity
have been reported [50]. The resulting features make these new materials interest-
ing for a wide range of applications, as, for example, conductive plastics and ink as
used in electromagnetic interference shielding [27], or implementation into energy
conversion [51], energy storage [52] and non-volatile memory devices [53].

Polymers, including poly(methyl methacrylate) (PMMA) and polycarbonate
(PC), are commonly used to stabilize the two-dimensional crystal sheets upon trans-
fer from the substrate used in the preparation process [54] (Sect. 6.1.1). After the
transfer process, the thin polymer film is removed by organic solvents such as acetone
and isopropanol [55]. However, the strong physisorption of the polymer in contact
with the graphene results in a very resistant ultrathin residual polymer layer [56, 57].
Several methods have been employed to remove this residual layer, e.g. changing the
polymer [58], annealing at high temperatures [57], as well as polymer-free, so-called
direct transfer [59]. However, to date, none of these approaches has resulted in large
area, high quality graphene, stimulating additional interest in the investigation of the
intimate connection between these two unlike materials [30, 60, 61].

2.3.3 Structural Properties of PMMA

PMMA is a lightweight plastic, which is most commonly known as acrylic glass
(trade name: Plexiglas). Low cost and easy handling as well as the lack of potentially
harmful bisphenol-A, as found in PC, allow PMMA to be used in many applications
in medical technologies or as a resist in semiconductor electron beam lithography.

Structurally, this polymer consists of long chains of methyl-methacrylate (MMA)
repeat units as shown in Fig. 2.7a, b. The molar mass of MMA is 100.12 g/mol, while
the total polymer’s molar mass strongly depends on the overall chain length, and is
usually in the range of 5 x 10*~10° g/mol.

PMMA molecules can display different tacticity, which describes the relative ori-
entation of the side groups within the polymer. Possible configurations are isotactic
(Fig.2.7¢), syndiotactic (Fig.2.7d) and atactic (Fig.2.7e). Tacticity strongly influ-
ences the physical properties of a polymer, including the degree to which it exhibits
crystalline order.

STM as well as AFM studies have shown that thin PMMA Langmuir-Blodgett
films on mica and graphite display long-range crystalline order independent of tac-
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Fig. 2.7 Structure and tacticity of PMMA. a, b 3D model and structural formula of repeating
monomer unit MMA. c—e Sketch of isotactic, syndiotactic and atactic configurations, respectively.
R represents the functional (side) group of the monomer

ticity, in contrast to PMMA behavior in bulk [62, 63]. This behavior is in principle
well known for other types of polymers, too, when subjected to a strong potential
template [64, 65]. In the case of graphite and graphene, the adsorption of polymer
chains to the surface is facilitated via van der Waals forces, similar to the bonding
between consecutive graphene planes [66].

Atactic and syndiotactic PMMA molecules both arrange in a folded-chain con-
figuration with little to no backbone crossovers [62]. The chain-to-chain distances
reported in the literature are 5.0(1.0) and 4.8(1.9) A, respectively, with a repeating
monomer unit length of about 2.5 A in direction of the polymer backbone. In the
case of isotactic PMMA, linear as well as helical arrangements are found with a
somewhat smaller interchain distance of the latter of 3.7(0.8) A [62, 67, 68].

Because of the sensitivity of PMMA to electron irradiation, the formation of crys-
talline folded-chain conformations is challenging to observe in a regular transmission
electron microscope (TEM), because of the relatively high electron current density
of such systems. For ULEED, a quantitative analysis of the degradation behavior can
be found in Appendix B.4.
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