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Abstract
This thesis spans three different topics of experiments based on
measurements

from

low-energy

electron

diffraction

(LEED),

reflection-

absorption infrared spectroscopy (RAIRS), and scanning tunneling microscopy
(STM). The first topic is related to studies of the structure of perylene on the
Cu(110) surface, in the interest of main applications in electronics and
optoelectronics. The RAIRS measurements show chemisorption of perylene
molecules in direct contact to the Cu(110) surface based on red-shift in the
vibrational frequencies. The appearance of two sets of red shifts for the same
set of vibrational modes supports the proposed model for the commensurate
(5x5) superstructure from a past report. STM measurements of monolayer
growth at room temperature, in conjunction with simple two-dimensional
models, show co-existence of chiral commensurate superstructures, (5x5)
superstructure, and (8x5) superstructures. The analysis suggests the most
stable adsorption site for perylene on the Cu(110) surface is the atop site.
The second and main topic is related to studies of the structure of
graphene formation on the Cu(110) surface at low and high growth
temperatures, in the interest of fundamental studies of graphene-metal
interfaces and to develop a simple synthetic method. The synthetic method is
based on thermal decomposition of a hydrocarbon, but the process is unique
from those in reports so far because the hydrocarbon used is the complexmolecule perylene, in contrast to a simple aliphatic hydrocarbon. The
effectiveness

of

the

conversion

to

graphene

exceeds

50%.

LEED

measurements show increase in growth temperature develops the graphene
formation from disordered epitaxial orientation towards the most stable epitaxial
orientations at ±5° but cannot eliminate the partial disorder from less-stable
epitaxial orientations around │±19°│ - │±30°│. Furthermore, direct visualization
from STM measurements shows increase in growth temperature develops the
graphene formation from percolated network of minute graphene domains and
clusters into large domains in isolated islands. STM measurements also show
the Moiré superstructures of graphene on the Cu(110) surface are chiral, a
characteristic of importance to applications in enantioselective catalysis and
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chiral resolution. Simple two-dimensional models are shown to be able to
estimate the epitaxial orientation of graphene from the Moiré pattern. The
statistical distribution of epitaxial orientation from the STM data shows another
preference for some orientation somewhere between │±25°│ and │±30°│
exists, second to the most preferred orientations at ±5°.
The third topic is related to STM characterization of a Co-TPP overlayer
on sub-monolayer graphene on the Cu(110) surface, in the interest of
integration of graphene to organic materials and functionalization of graphene.
The growth of the Co-TPP overlayer shows the adsorption on top of graphene is
weaker than the adsorption on bare Cu(110) surface. Co-TPP forms selfassembled superstructures on top of graphene. The self-assembled Co-TPP
superstructures demonstrate self-healing character.
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Chapter 1
Introduction
1.1 The Research
Studies of surfaces deal with physical phenomena at the topmost few
atomic or molecular layers of solid materials. The measurement techniques
must be both sensitive and limited to the narrow extent of the surface in space.
One specific approach utilizes model surfaces with well-defined structure and
composition to ensure controlled reproducible outcome. The experiments can
be performed under various conditions. Ultra-high vacuum (UHV) conditions
maintain well-defined surfaces clean over the period of experiment.
Adsorption and self-assembled nanostructure formation of complex
organic molecules offer an important means to introduce functionalities at
surfaces1. Important applications include catalysis, sensors, electronics, and
optoelectronics.

However,

there

is

a

critical

need

for

fundamental

comprehension of molecule-surface interaction and intermolecular interaction.
The ultimate target is the absolute control of molecular function and selfassembled formation to tailor the material properties for enhanced performance
and novel functions. Well-defined metal surfaces offer model templates to
control the experimentation of complex organic molecules at surfaces. One
complex organic molecule is perylene. The interest in perylene can be traced to
possible application as an organic semiconductor2,3 in electronics4,5 and
optoelectronics6. Perylene on Cu(110) surface has been reported in a number
of papers7–12. However, discrepancies in the conclusion on the multilayer
structure of perylene on Cu (110) surface exist between two independent
groups. The first research topic for the thesis studies perylene on Cu(110)
surface and hopes to shed light on the discrepancies. The outcomes are
presented in Chapter 3.
Graphene has become a material of tremendous interest when the report
of first isolation came out in 200513. The award of 2010 Nobel Prize in Physics
to the pioneers of the experiments in graphene is a reflection of the tremendous
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impact in various fields14. Examples of important commercial applications are
electronics and optoelectronics15. There has been renewed interest in graphene
on metal surfaces16,17 and one of the important issues is to develop a method of
synthesis16,18. The main objective of the thesis is to come up with an in-situ
laboratory-scale method of preparation on the Cu(110) surface. The objective
had been set at the time when not one report of graphene on Cu(110) surface
had been found in the scientific literature. The next section introduces an
overview of the common synthetic methods for producing graphene on metal
surfaces. Attempts were made to prepare graphene on a Cu(110) surface from
thermal decomposition of ethylene. Ethylene was leaked into the entire volume
of a vacuum chamber to a pressure of 10-5 mbar, in contrast to the use of a
nozzle for injection of ethylene over the surface of the Cu substrate as
described in a past report19. Repeated quick ramps of the substrate from room
temperature to 1250 K were made eight times under the ethylene pressure19.
However the process did not lead to formation of graphene based on tests from
LEED measurements, perhaps due to the volatile nature of ethylene on Cu
surfaces.
There came the idea to use perylene – a complex aromatic hydrocarbon
in contrast to simple aliphatic ethylene. Past reports show intact perylene
molecules desorb from the multilayer but not from the monolayer at
temperatures over 350 K

9,10

and the monolayer is stable up to 550 K until

decomposition starts10. There are four possible criteria to utilize a particular
hydrocarbon as a precursor to graphene in thermal decomposition on a metal
surface. First the multilayer should be able to desorb in order to ensure the
formation of graphene is held to no more than a monolayer i.e. there is no
intention to prepare a complete monolayer of graphene for fundamental
research purposes. Second the hydrocarbon should be able to hold onto the
metal surface until thermal decomposition. Third the hydrocarbon should be
able to deposit non-volatile carbon species on the metal surface upon thermal
decomposition. Fourth the non-volatile carbon species should be able to diffuse
on the metal surface and form graphene at temperatures below the melting
point of the metal substrate. Perylene on Cu(110) surface satisfies the first and
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second criteria based on the reports9,10. The unknown fact however remains
whether the carbon entities deposited from the decomposition reaction are nonvolatile and form a graphene overlayer. These issues are therefore there to be
made clear from the outcome of attempts to prepare graphene on Cu(110)
surface based on thermal decomposition of perylene on the surface. Indeed, the
attempts found success hence the third and fourth criteria are satisfied. The
second research topic for the thesis has turned out to be characterization of
graphene formation on Cu(110) surface from thermal decomposition of
perylene. The outcomes are presented in Chapter 4.
Commercial application of graphene has to address the issue of
integration with other materials. Certain properties of the material need
modification in order to become suitable for adaptation to the current modern
technologies. One of the means to introduce functionalities into graphene is
adsorption of complex organic molecules. On the other hand, graphene can be
used as the well-defined surface to produce advances in studies of adsorption
and superstructure formation of complex organic molecules to understand
molecule-surface interaction and intermolecular interaction, for the same reason
as absolute control of molecular function and self-assembled formation to tailor
the material properties for enhanced performance and novel functions. The
development of interest in adsorption of complex organic molecules on
graphene is apparent in continued publication of reviews16,20–25. Porphyrins are
part of the complex organic molecules of interest. The topic of porphyrins on
surfaces has been reviewed in a recent publication26. One of the porphyrins is
cobalt-tetraphenylporphyrin

or

Co-TPP,

a

molecule

technological interest as a catalyst in various reactions

of

27,28

scientific

and

and solar-energy

conversion29–31, as an active component in electrodes of fuel cells32–34 and in
sensors35, as an oxide-induced switch36 or a single-molecule diode37 in
molecular nano-devices. Moreover, the spin moment of the magnetic Co-atom
at the core of the porphyrin molecule offers a prospect to store information as a
bit of data for applications in molecular spintronics. Recent unpublished work
based on X-ray magnetic circular dichroism (XMCD) experiments has shown
well-ordered robust assemblies of single-molecule magnets on a non-magnetic
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Cu(110) surface can allow spin moments to survive the adsorption process and
retain intrinsic magnetisation, and therefore demonstrates the potential to
fabricate a device and address individual adsorbed molecules as single discrete
magnets for the next generation of ultra-dense data storage. However, Co-TPP
on Cu(110) surface exhibits reduced magnetisation as the magnetic moment
can be quenched due to interactions between the molecule and the surface.
Perhaps a means to decouple the magnetic Co-atom from the Cu(110) surface
and enhance the magnetic characteristics is to utilise graphene as a spacer at
the interface between the molecule and the surface. Before further XMCD
experiments determine whether graphene effects isolation of the magnetic Coatom core from interactions with the Cu surface upon adsorption, there is first a
need to define the Co-TPP overlayer on graphene. However, there exists no
report on studies of Co-TPP adsorption on graphene so far.
Chapter 4 shows that Moiré superstructures of epitaxial graphene on
Cu(110) surface are chiral. The word chiral describes an object whose mirror
image is non-superimposable. Chiral surfaces and chiral functionalization of
surfaces are important for applications in enantioselective catalysis and chiral
resolution38,39. So far no report exists on molecular adsorption on a chiral Moiré
superstructure of graphene on a metal surface. High-resolution STM
measurements perform direct visualization of chiral formations at various length
scales in real space upon molecular adsorption at well-defined surfaces40. The
length scales41 include the levels of chiral conformation of adsorbate and selfassembled chiral organization in extended periodic motif42. A report has been
made on the chirogenesis of Co-TPP upon adsorption on Cu(110) surface at
the levels of molecular conformation and supramolecular organization43.
Reports made up to now are focused on chirogenesis of achiral molecules43–47
and chiral expressions of intrinsic chiral molecules47–54, both at achiral surfaces.
The experimental work for Chapter 5 explores adsorption of Co-TPP molecules
on top of graphene islands on the Cu(110) surface based on STM
measurements to represent fundamental interest in the distinct combination of
achiral molecule on chiral surface.

4

The thesis is an outcome of experiments on the surface of (110)-oriented
single-crystal Cu substrates under UHV conditions. The specific measurement
techniques were low-energy electron diffraction (LEED), reflection adsorption
infrared spectroscopy (RAIRS), and scanning tunneling microscopy (STM).
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1.2 Overview on Graphene and Synthesis on
Metal Surfaces
The first observation of ‘graphene’ formation on metal surfaces can be
traced back to the late 1960’s when carbon impurities segregated to the surface
during preparation of single-crystal Pt substrates55–58. ‘Graphene’ on metal
surfaces had become a topic of investigation in surface science from then on
even before the first actual isolation of graphene but the terms used back then
had been ‘monolayer graphite’, ‘graphitic carbon overlayer’, or ‘ultra-thin
graphite film’59; the investigation of ‘graphene’ on metal surfaces in the past had
been kept most of the time as a subject of studies within the mere interest of
heterogeneous catalysis60,61 and had been found to be a reason for deactivation
of catalyst surfaces62,63. There had also been technological interest to
understand the properties of ‘graphene’ interface with metals in intercalated
graphite compounds for storage of energy and other applications64. ‘Graphene’
on metal surfaces in those times had been considered to possess similar
properties to those of graphite65–68. However, in the 1990’s there has been
renewed interest in the interfacial properties of ‘graphene’ on metal and metalcarbide surfaces from the perspective of fundamental studies on lowdimensional systems subsequent to observation of anomalous softening in the
phonon dispersions59.
Graphene has become a game-changer in the course of scientific and
technological development for mankind upon the report of first isolation in
200513. The isolation of graphene has led to discoveries of new-found
phenomena, remarkable properties of the material69–72, other two-dimensional
materials73, and promises of vast technological applications in various
areas15,74–77. Graphene from then on has found distinction from graphite or just
a mere monolayer of graphite, and has no longer been referred to in other terms
but ‘graphene’. There has been renewed interest for graphene on metal
surfaces16,17. The important issues for graphene on metal surfaces include the
synthesis and mechanism of growth processes16,18, the structure of graphenemetal interfaces16,17, the interaction between graphene and various metal
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surfaces17, the extent to which the structure and interaction with the metal
affects the properties of graphene17 and performance of metal contacts in
graphene-based devices78.
There exist various methods to produce graphene on metal surfaces.
Carbon atoms can be supplied from either the inside or the outside of the metal
substrate. Formation of graphene from the former occurs in the spontaneous
process of segregation of carbon atoms out from the bulk of certain substrate
materials onto the surface at certain temperatures. Carbon atoms can exist in
solid solution within most metals79 and are present therein to some extent as
impurities in common cases but can be made present also through intentional
carbon-doping of pure metals. Graphene formation through segregation has
been observed on transition-metal substrates of Co80, Fe81, Ni82–84, Pd80, Pt55–58,
and Ru85–88. However not all metals exhibit the phenomenon of carbon
segregation. Data on the phase diagram for binary carbon-copper alloy shows
C is neither soluble within Cu in the solid phase nor forms a carbide phase89 so
formation of graphene through carbon segregation can not be expected to occur
on Cu substrates. Some metals are able to form a metal carbide phase79 and
exhibit precipitation of surface carbides at certain temperatures to preclude
formation of graphene90,91.
Formation of graphene from carbon atoms supplied outside of the metal
substrate can be done through deposition of carbonaceous substances and
subsequent reaction thereof. Various methods have been reported18,92,93 and
these methods include thermal decomposition of hydrocarbons19,87,94–105,
chemical vapour deposition106,107, reduction of graphene oxide108, heat/plasmatreatment of spin-coated polymer109,110, molecular-beam epitaxy111, laser
ablation, and surface-assisted bottom-up fabrication from chemical reaction of
molecular precursors112–114. The main motivation to the development of most of
these processes has been to achieve industrial-scale production of graphene
wafers with large domains for purposes of commercial applications. However
synthesis of graphene on metal surfaces based on on-surface thermal
decomposition of hydrocarbons has proved to be a simple laboratory-scale insitu method for purposes of fundamental research under ultra-high vacuum
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conditions. For the same reason, thermal decomposition of hydrocarbon is the
method of choice for preparation of graphene on Cu(110) surface in the present
investigation. Note, chemical vapour deposition in a mixture of methane and
hydrogen is the industrial-scale method used in production of graphene on Cu
substrates106,115.
The process of graphene formation through thermal decomposition of
hydrocarbons can be generalized into three main steps. The first step involves
adsorption of hydrocarbon molecules on a metal surface. The second step
involves a combination of break-down or dehydrogenation of the hydrocarbon
molecules and bond formation between the hydrocarbon molecules on the
metal surface at increased temperatures until some species of pure carbon
deposit on the metal surface. The subsequent steps involve the epitaxial growth
of graphene from these carbon species with sufficient temperature. Details of
each phenomenon which occur within these steps in the actual formation of
graphene for a particular combination of hydrocarbon and metal surface in a
given set of growth parameters can be complicated and involve certain
competition between kinetics and thermodynamics.
The technique to produce graphene on metal surfaces based on thermal
decomposition of hydrocarbons can be performed in two variations. One
variation is the pre-adsorption of hydrocarbon precursors on the metal surface
at room temperature from exposure of the metal substrate under an
environment of the hydrocarbon at certain pressures prior to elevation of
substrate temperature under ultra-high vacuum conditions. The other variation
is the exposure under an environment of the hydrocarbon at certain pressures
whilst the metal substrate is elevated at certain temperatures. The methods
utilized and reported so far for the preparation of graphene on metal surfaces
based on thermal decomposition of hydrocarbons make use of just the simplest
aromatic or the shortest-chain aliphatic hydrocarbon molecules as the precursor
adsorbate. Used the most are ethylene (_C2H4_)61,87,94,100,116 and propylene
(_C3H6_)96,99. The other hydrocarbons are methane117,118, acetylene61,119,120,
butene65,

cyclohexane65,119,121,

n-heptane65,121,

toluene65,121.
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benzene65,119,121,122,

and

Metal surfaces are known to be reactive and act as catalysts of
decomposition

reactions

for

hydrocarbons.

The

multilayer

of

simple

hydrocarbons on metal surfaces is expected to desorb due to the gaseous
character of these compounds under vacuum. Simple hydrocarbons on top of
graphene are expected to desorb at elevated temperatures due to the inert
character of graphene. Therefore the decomposition reaction of simple
hydrocarbons is limited to molecules in contact with the metal surface62,63 and
the formation of graphene on metal surfaces terminates upon monolayer
saturation. The process however is assumed to occur under certain conditions
when segregation of carbon atoms onto the surface out of the bulk of the
substrate is suppressed or does not happen for the substrate metal.
The relative ease of graphene preparation on the surfaces of Fe96,
Ir97,103, Ni102,123, Pt116,124, Rh61,105, and Ru87,95 metal substrates based on
decomposition of short-chain hydrocarbon molecules is evident from the
number of published reports and can be attributed to the catalytic nature of
these metals. On the other hand, the preparation of graphene on Cu surfaces
based on thermal decomposition of ethylene has been reported to require
considerable ethylene pressure and repeated ramps of the substrate from
ambient temperature to the growth temperature of graphene several times in
order to form some graphene on the surface19. Compromise in level of vacuum
in the preparation chamber intended for operation under UHV conditions could
pose problems to the set-up and contamination to other experiments. Moreover,
the melting point of Cu is close to the growth temperatures for graphene on Cu
surfaces19. These issues could be the reason for the existence of a small
number of reports on experiments for graphene on well-defined Cu
surfaces19,98.
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Chapter 2
Experiment
This chapter introduces a brief description of concepts and principles in
the experiments in order to understand the approach of investigation, what sorts
of information come from the measurements, and how the data are analyzed.
The second section is a description of the experimental set-ups and the
important components included. The rest of the sections relate how the
experiments were made and how the data were handled.

2.1 Concepts and Principles
Ultra-High Vacuum (UHV)
UHV is the condition under pressures lower than about 10-9 mbar. The
condition is integral to research in modern surface science as sample surfaces
can remain clean on the atomic level for at least about an hour over the period
of experiment. Cu(110) surface can remain clean under UHV conditions even
for several hours. The residual gas environment in standard leak-free UHV
chambers consists of a mixture of H2, CO, CO2, and just some H2O. Moreover,
diffusion of some CH4 and other hydrocarbons from the vacuum pumps can
contaminate the chamber, and some Ar can persist subsequent to use of argonion sputter source.

Organic Molecular Beam Deposition (OMBD)
OMBD is a method to prepare organic material on a substrate based on
transmission of organic molecules onto the surface of the substrate upon
evaporation or sublimation of a substance from a heated source under UHV
condition. The most important aspects of OMBD are the fine control of
deposition rate and the deposition to the purest level.
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Two-Dimensional Lattices
The two-dimensional structure of a surface or an overlayer is formed
when an atom or a set of atoms is attached to each point of a two-dimensional
lattice in real space. The two-dimensional lattice is an infinite set of discrete
points in space at position r and is defined in terms of fundamental translation
vectors a, b as
r = na + mb
where n and m are integers (0, ±1, ±2, …).

(2-1)

Each two-dimensional lattice in real space has an equivalent twodimensional lattice in reciprocal space. The two-dimensional reciprocal lattice is
an infinite set of points in reciprocal space at position G and is defined in terms
of fundamental translation vectors a*, b* as
G = h a∗ + k b ∗
(2-2)
where h and k are integers (0, ±1, ±2, …). The fundamental translation vectors
a*, b* in reciprocal space are related to the fundamental translation vectors a,
b in real space as

a∗ = 2π ⋅

b×n
,
a×b

b∗ = 2π ⋅

n× a
a×b

(2-3)

n is the unit vector normal to both a and b.

The notation ( hk ) specifies a particular set of planes normal to the plane
of the two-dimensional lattice in real space; the numbers in the parenthesis are
called Miller indices. A convenient feature in the use of Miller indices for
specification of planes is the representation of symmetry. Equivalent sets of
planes possess the same combination of indices in the absolute number.
Braces { } instead of round brackets ( ) are used when equivalent sets of
planes need not be distinguished from one another. The vector to position G of
coordinates ( h, k ) is perpendicular to ( hk ) planes. The magnitude of G is
related to the distance d between ( hk ) planes as

G=

2π
d
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(2-4)

a

b

c

Figure 2-1. (a) Model for the structure of Cu(110) surface. (b) Model for the real-space
lattice. (c) Model for the reciprocal lattice. Certain planes of interest and the fundamental
translation vectors are superimposed.

Cu(110) Surface
The structure of Cu is face-centered cubic (FCC). The lattice constant is
3.61 Å. The (110)-oriented surface plane is cut across the diagonal lines on two
opposite faces of the unit cell and is parallel to one of the axes of the unit cell.
Figure 2-1a and Figure 2-1b show a model of Cu(110) surface and the two-
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dimensional lattice. The fundamental translation vectors aCu, bCu define the
lattice and the unit cell of the surface structure. The magnitudes can be derived
from the lattice constant of the FCC structure hence 2.55 Å for aCu and 3.61 Å
for bCu. The fundamental translation vectors aCu*, bCu* in reciprocal space are
derived from Equation (2-3) upon substitution of aCu, bCu; the magnitudes are
2.46 Å-1 for aCu* and 1.74 Å-1 for bCu* from
2π
2π
∗
, b Cu =
(2-5)
a Cu
b Cu
Figure 2-1c shows a model of the reciprocal lattice. The symmetry properties
∗

aCu =

stem from two-fold rotational axis and two mirror planes.
Certain sets of planes normal to the surface plane are shown in Figure
2-1 in the interest of analysis for the next chapter. A set of planes (hk ) is
identical to the set of planes ( h k ) based on inversion symmetry and is
equivalent to the sets of planes ( h k ) and ( hk ) based on mirror symmetry. The
bar on top of a Miller index denotes an inversion.

Graphene
Graphene possesses a honeycomb structure – two carbon atoms in a
network of sp2 bonds are associated to each point of a two-dimensional
hexagonal lattice. The fundamental translation vectors aGr, bGr have a
magnitude of 2.46 Å and the C–C bonds measure 1.42 Å1,2. Figure 2-2a and
Figure 2-2b show a model of the carbon skeleton of graphene and the twodimensional lattice; certain sets of planes are superimposed in the interest of
analysis for the next chapter. The fundamental translation vectors aGr*, bGr* in
reciprocal space are derived from Equation (2-3); the magnitudes are equal at
2.94 Å-1 from
∗

aCu =

4π

=

4π

3 ⋅ aCu
3 ⋅ b Cu
Figure 2-2c shows a model of the reciprocal lattice.

= b Cu

∗

(2-6)

The symmetry properties come from a six-fold rotational axis and six
mirror planes. A set of planes ( hk ) is identical to the set of planes ( h k ) based
on inversion symmetry. However, proper account of symmetry for the
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a

b

c

Figure 2-2. (a) Model for the carbon skeleton of graphene. (b) Model for the real-space
lattice. (c) Model for the reciprocal lattice. Certain planes of interest, the fundamental
translation vectors, and the three axes in Miller-Bravais scheme are superimposed.

hexagonal lattice requires specification of a set of planes in the Miller-Bravais
notation to allow equivalent sets of planes to possess the same absolutenumber combination of indices. The scheme uses a set of three indices hence
the notation ( h ′k ′i ′) MB and is based on a coordinate system from a set of three
axes a1,Gr, a2,Gr, a3,Gr at 120° to one another on the basal plane3 as shown in
Figure 2-2. The subscript MB is used here to make an explicit indication of the
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use of Miller-Bravais notation to avoid confusion with the Miller notation. The
formula of conversion for a set of planes from the Miller notation (hk ) to the
Miller-Bravais notation ( h ′k ′i ′) MB can be derived as ( k h − k − h )MB 3.

Reflection Absorption Infrared Spectroscopy (RAIRS)
RAIRS is a measurement technique to probe chemical bonds and
vibrations in molecules adsorbed on metal surfaces based on absorption of
infrared radiation. The simple harmonic oscillation approximates the energy
levels Eν of quantized vibrations of chemical bonds as

Eν = (ν + 12 )hω 0
(2-7)
where ν is the vibrational quantum number. The characteristic frequency ω 0 is
1 k
(2-8)
2π µ
where k is the force constant of the chemical bond and µ is the reduced mass

ω0 =

of the component atoms4. The value of k depends on the vibrational potential
and relates to the bond strength. RAIRS uses infrared radiation to excite
fundamental transitions from ν = 0 to ν = 1 . The surface of the metal acts as a
mirror to reflect the infrared beam to a detector. The mode of measurement is
illustrated in Figure 2-3. The reflection spectrum is measured for the clean
surface R0 (υ ) and the adsorbate-covered surface R(υ ) . The amount of
absorbed radiation is characterized in terms of the reflectance

R (υ )
R0 (υ )

R=

(2-9)

The vibrational transitions appear as bands in the reflectance spectrum and are
expressed in terms of wavenumber υ in the units of inverse centimeter (cm-1).
The υ to the band is related to ω 0 as

υ =

ω0

(2-10)

c
where c is the speed of light. The basic vibrational motions are known as
vibrational modes and are categorized as stretch, bend, and torsion.
Combination bands can also be observed from simultaneous excitation of more
than one vibrational mode. Vibrations of chemical bonds in adsorbed molecules
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Incident IR
Beam

Reflected IR
Beam

θ

−θ

Sample

Figure 2-3. The mode of measurement in RAIRS.
grazing incidence to maximize IR absorption.

θ

is made as close to 90° as possible at

are measured above the cut-off of substrate absorption at 500 – 1000 cm-1.
Hence, the vibrational frequencies of substrate-molecular adsorbate bonds are
too low for RAIRS. The identification of bands can be made in comparison with
the frequencies of known molecular species. Shifts in vibrational frequencies
manifest subtle variations in chemical bonds as can be seen from Equation
(2-8). The relative change in reflection is related to the concentration of
adsorbates σ and the adsorbate polarizability α (υ ) as
∆R(υ ) R0 (υ ) − R(υ ) 8π 2υ
=
=
F (ϕ ) ⋅ σ Im α (υ )
(2-11)
R0 (υ )
R0 (υ )
c
where ϕ is the angle of incidence and F (ϕ ) contains all the local field
characteristics and the dielectric response of the system5. The amount of
absorbed radiation cannot be expected to be proportional to the concentration
when α (υ ) changes due to considerable lateral interactions between
adsorbates6.
The probability of a vibrational transition is proportional to the square of
the transition dipole moment. The transition dipole moment is

M νν ′ = ∫ ψ (ν ) ⋅ µψ (ν ′)dτ
∞

−∞

(2-12)

where ψ (ν ) is the initial state wavefunction, ψ (ν ′) is the final state
wavefunction, and µ is the dipole moment of the molecule6. Dipole moments
arise from electrical polarities of bonds. The integral must be non-zero in at
least one of the components in x, y, or z direction for the vibrational transition to
be possible. The symmetry properties of vibration based on the characters of
the point group can be used to determine the IR-active vibrational modes and
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depend on both the adsorbate and the adsorption site7. The strength of IR
absorption depends both on the electric field vector of the incident radiation and
the transition dipole moment4. The surface selection rule on metal surfaces only
allows IR absorption for molecular vibrations whose dipole moments include a
component in the surface normal8. The reason is the image-dipole effect in
metal surfaces as a response of the valence electrons enhances both the
electric field vector and the dipole moment perpendicular to the surface but
cancels them both parallel to the surface. Adoption of the infrared beam at
grazing incidence to the sample surface maximizes IR absorption.
Application of the surface selection rule to perylene on metal surfaces
can be described using two extreme scenarios of adsorption – the molecular
plane in the upright orientation perpendicular to the surface and in the flat-down
orientation parallel to the surface. In the upright orientation in-plane bends and
stretches produce dipole moments perpendicular to the surface whilst out of
plane bends produce dipole moments parallel to the surface. The opposite is
true for the flat-down orientation where out of plane vibrational motions produce
dipole moments perpendicular to the surface whilst in-plane vibrational motions
produce dipole moments parallel to the surface. The IR-active vibrational modes
therefore come from in-plane vibrational motions for the upright orientation
whereas out of plane vibrational motions for the flat-down orientation. The
surface selection rule hence provides information on the orientation of perylene
on metal surfaces.

Low-Energy Electron Diffraction (LEED)
LEED is a measurement technique for determination of the twodimensional lattices of surface structures from the spatial distribution of the
diffracted beams of low-energy incident electrons (20 – 1000 eV)8,9. The de
Broglie wavelength λ of an electron is

λ=

h

(2-13)

2mE
where E is the energy of the electron. The diffraction is the constructive
interference of back-scattered electrons upon elastic collision of the low-energy
incident electrons to the surface atoms. The low-energy electrons are almost
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Figure 2-4. (a) The Ewald sphere construction for diffraction on two-dimensional periodic
structures. The diffraction condition is satisfied when the electron wave vectors
terminate at the intersection between the sphere and the reciprocal lattice rods. The
component of a diffracted-electron wave vector parallel to the surface is illustrated for
the scattered wave vector in blue colour to demonstrate how a scattered beam satisfies
the condition for diffraction. (b) Schematic representation of LEED apparatus.

exclusive to information on surface structure for two reasons. First, the inelastic
mean free path of low-energy electrons is 5 – 20 Å hence most elastic collisions
occur in the few atomic layers of surfaces. Second, λ is of the order of or less
than the lattice dimensions hence the premise for diffraction from surface atoms
stands. The electron wave vector k describes the momentum of an electron
beam and possesses a magnitude of
k=

2π

λ
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(2-14)

The elastic collision of incident electrons to surface atoms satisfies the law of
conservation of energy as

k S = k0

(2-15)

where k 0 is the incident-electron wave vector and k S is the scattered-electron
wave vector. The condition for diffraction on two-dimensional periodic structures
can be expresses in terms of the law of conservation of momentum as
k S|| − k 0|| = G

(2-16)

||
0

Here k is the component of the incident-electron wave vector parallel to the
surface, k S|| is the component of the diffracted-electron wave vector parallel to
the surface, and G is the reciprocal lattice vector. Equation (2-16) shows the
electrons exchange parallel momentum with the surface atoms in quantized
units of the reciprocal lattice vector hence the diffracted beams occur at
particular directions.
Figure 2-4a demonstrates diffraction on two-dimensional periodic
structures in the Ewald sphere construction9. The electron wave vectors of the
incident beams and the scattered beams possess equal magnitude in
accordance with Equation (2-15) and are represented on the radius of the
sphere. The reciprocal lattice points in a particular direction are represented as
rods perpendicular to the surface. Equation (2-16) is satisfied when the electron
wave vectors terminate at the intersection between the sphere and the
reciprocal lattice rods. The projection of the points of intersection onto the
surface plane reproduces the reciprocal lattice.
The standard apparatus for LEED allows direct visual inspection of the
diffraction pattern and can be summarized from Figure 2-4b as follows. An
electron gun generates a collimated monochromatic beam of low-energy
electrons and consists of a cathode filament behind an electrostatic lens. The
cathode is at a potential − V to accelerate the emitted electrons to an energy of
eV . The electron beam is made incident upon a sample. The back-scattered

electrons from the sample move into a series of concentric grids before a
hemispherical detector is reached. The last aperture of the lens, the sample,
and the first grid nearest to the sample are connected to earth potential to
ensure absence of electric field as the electrons move in space. The earth
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potential to the sample avoids accumulation of electrostatic charge from the
electron beam. The next two grids are held at a potential − V + ∆V to reject
most of the electrons from inelastic scattering. The last grid is at earth potential
to screen out high potential on the detector. The transmitted electrons past the
last grid come from the diffracted beam and are reaccelerated to cause
fluorescence in the detector. The diffraction spots on the detector are analogous
to the points of intersection between the sphere and the reciprocal lattice rods in
the Ewald sphere construction for diffraction from two-dimensional surface
structures. In other words, the projection of the diffraction pattern from the
detector onto the view plane in the view port of the apparatus reproduces the
pattern of the reciprocal lattice. However, the sample must be located at the
center of curvature of the detector and parallel to the view plane. The LEED
pattern consists of discrete bright spots on a dark background. ∆V is adjusted
to get the highest contrast.

Scanning Tunneling Microscopy (STM)
STM is a measurement technique to probe the topographic structure of a
surface at atomic resolution based on the quantum-mechanical phenomenon of
electron tunneling. Intimate treatment of the principles of STM requires
extensive use of quantum mechanics. Here a brief description of the important
ideas is in order. The instrument is illustrated in Figure 2-5a and consists of a
sharp tip, a piezoelectric scanner, feedback electronics, and a computer. The
sharp tip is made of a metal wire and prepared to atomic dimensions at the
apex of the tip. The piezoelectric scanner moves the tip in x, y, z directions
across an area of the sample surface. Piezoelectric ceramics are used in
scanners as electromechanical transducers to convert electrical signals to highprecision motion upon expansion or contraction at a rate of about 1 Å per mV.
The scanner is composed of three piezoelectric ceramics to allow independent
motion in x, y, z directions.
The operation of STM can be summarized as follows. The sharp tip is
approached within a few nanometers to the sample surface. The minute tipsample gap allows some overlap of wavefunction between the closest tip atom
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Figure 2-5. (a) Schematic illustration of STM instrument. (b) Energy level diagram of
electron tunneling between tip and sample in STM. (c) Schematic illustration of STM
measurement in constant current mode.

and the sample-surface atoms. The overlap of wavefunction leads to a finite
probability the electrons tunnel in free space across the gap when a potential
difference U is applied between the tip and the sample. Figure 2-5b illustrates
an energy level diagram in the case of positive potential applied to the tip. The
positive potential shifts the electronic energies on the tip to lower levels to offer
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unoccupied electronic states. The electron transfer to the tip occurs despite the
energy barrier φ B of the tip-sample junction and is explained as the quantummechanical effect of the wave character of fundamental particles. In the case of
negative potential biased to the tip, the electrons tunnel in the reverse direction.
The amount of tunnel current I is a function of some parameters as
U ⋅ D(U )
⋅ exp − Aφ B1 2 d
(2-17)
d
where d is the effective tunneling gap, D(U ) is the local density of electronic

(

I∝

)

states (LDOS) near the Fermi level of the sample surface, and A is a
constant10. The sample needs to be a conductor as the flow of electrons
between the tip and the sample is measured. One mode of measurement is the
constant-current mode as illustrated in Figure 2-5c. The variable parameters I
and U are kept constant, x and y lateral positions are varied, and z vertical
position is measured. In other words, the feedback electronics control the
variation in z position of the tip at almost constant tip-sample gap whilst the
piezoelectric scanner rasters the tip over the surface. Acoustic vibrations in the
environment can affect the tip-sample gap and so must be isolated from the
STM for stable operation. The computer acquires the data of the topographic
features of the sample surface in terms of z as a function of x and y, and
processes the data into a topographic image.
The STM is also sensitive to the LDOS in addition to the topographic
position on the surface so features in STM images can be the outcome of one
or both of these factors. The STM image corresponds to the topographic
features of occupied electronic states when the tip bias potential is positive with
respect to the sample whilst to those of unoccupied electronic states when the
tip bias potential is negative. The exponential dependence of the tunnel current
on the tip-sample gap determines the high vertical resolution of STM. The
dimension of the tip at the apex determines the lateral resolution of STM.
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2.2 Set-up and Equipment
Three separate set-ups were used for experiments. Names as
Experiment Set-up No. 1, Experiment Set-up No. 2, and Experiment Set-up No.
3 are used here for ease of reference. The schematic representations are
shown in Figure 2-6 – Figure 2-8 and are reproductions from the PhD thesis of
Philip John Donovan where comprehensive description can be found11. Here
just brief descriptions of the essence of the set-ups are made.
Each set-up consisted of a (110)-oriented single-crystal Cu substrate in a
chamber for in-situ sample preparation. The equipment for sample preparation
consisted of an evaporator, a sputter-ion gun, and a substrate heater. A set of
manipulators, transfer rods, and wobble sticks connected to chamber and
allowed adjustment in position and transfer of location for the sample.
The evaporator for OMBD was made from a glass tube with a 0.25 mmdiameter tantalum (Ta) wire wound about seven times in 1-mm pitch around the
tube. The glass tube was about 1 mm in inside diameter, 10 – 15 mm in length,
closed on one end but open on the other end. A substance in powder form was
loaded into the evaporator from the open end of the glass tube until almost full.
The Ta wire conducted heat to the substance in the tube as electrical power
was supplied to the wire from constant-current source. The open end of the
glass tube was directed to create a beam of molecules onto the surface of the
Cu substrate from sublimation of a substance in the tube. The exact distribution
of the beam intensities was unknown and there was no means to monitor the
deposition rate. The beam was estimated to be cone in shape and Gaussian in
profile at the cross section. The substrate was separated tens of centimetres
from the evaporator so the beam was assumed uniform over the probed local
area of the surface. A schematic representation of the entire evaporator unit for
direct attachment to UHV chamber is shown in Figure 2-9.
Experiment Set-up No. 1 was attached to commercial RAIRS
instrument for measurement of vibrational spectra and commercial LEED optics
for measurement of diffraction pattern on a surface. The RAIRS instrument
used a Fourier transform infrared (FT-IR) spectrometer under the trademark of
Magna-IR 860 Spectrometer purchased from Nicolet Instruments Co. The IR
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Figure 2-6. Schematic representation of Experiment Set-up No. 1 – a single UVH chamber
for preparation and measurement is attached to LEED optics and FT-IR spectrometer.
11
(Adapted from reference )
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Figure 2-7. Schematic representation of Experiment Set-up No. 2 – a single UVH chamber
for preparation and measurement is attached to STM instrument. (Adapted from
11
reference )
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Figure 2-8. Schematic representation of Experiment Set-up No. 3 – one UVH chamber is
used for preparation whilst another UHV chamber is used for measurement and attached
11
to LEED optics and STM instrument. (Adapted from reference )
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Figure 2-9. Schematic representation of entire evaporator unit for direct attachment to
11
UHV chamber. (Adapted from reference )

source of the spectrometer limited measurement of a spectrum in wavenumbers
to 650 cm-1 – 4000 cm-1. Sample preparations and measurements were
performed in one UHV chamber. Infrared radiation was transmitted into and out
of the chamber through IR-transparent potassium bromide (KBr) windows. The
detector was made of photoconductive mercury cadmium telluride (MCT)
semiconductor. The path of the IR beam external to the UHV chamber was
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Figure 2-10. Schematic representation of Cu substrate fastened to Ta-heater wires on the
11
arm of manipulator in Experiment Set-Up No. 1. (Adapted from reference )

purged with dry air to minimize interference from gas-phase absorption bands
from atmospheric H2O. The Cu substrate was fastened to the arm of a
manipulator for translation and rotation – a schematic representation is shown
in Figure 2-10. The pumping system consisted of a diffusion pump and a
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mechanical rotary pump connected in series. The base pressure in the UHV
chamber was in the scale of lower 10-9 – mid 10-10 mbar prior to
commencement of each experiment. The substrate heater was tantalum (Ta)
wires in direct contact to two parallel edges of the rectangular Cu substrate for
conduction of heat as electrical power passed the resistive wires from constantcurrent source. The temperature of the substrate could be monitored from
accurate measurement of a thermocouple sensor attached in direct contact to
one edge of the substrate.
Experiment Set-up No. 2 was attached to commercial STM instrument
purchased from SPECS Surface Nano Analysis GmbH. The STM tip was made
of W wire and etched in aqueous NaOH electrochemical solution. The bias
potential in STM measurements is applied to the sample from the tip. Sample
preparations and STM measurements were performed in one UHV chamber.
The Cu substrate was mounted on a sample plate for transfer from one location
to another – a schematic representation is shown in Figure 2-11. The pumping
system consisted of a turbo molecular pump and a mechanical rotary pump
connected in series. The base pressure in the UHV chamber was around 10-10
mbar. The substrate heater was ceramic rods for heat radiation to the back side
of the sample plate as electrical power passed resistive W wires in the ceramic
rods from constant-current source. Absence of temperature probe in the set-up
prohibited measurement of substrate temperature.
Experiment Set-up No. 3 was a commercial construction of Omicron
NanoTechnology GmbH and had separate chambers for sample preparation
and analysis. The chambers were connected to each other via a gate valve.
The Cu substrate was mounted on a sample plate for transfer from one location
to another in one chamber or from one chamber to the other. A transfer rod
moved the sample between the chambers. The sample-preparation chamber
had a base pressure of mid 10-9 – mid 10-10 mbar. LEED and STM
measurements could be performed in the analysis chamber under an excellent
base pressure of lower 10-10 – higher 10-11 mbar. The bias potential in STM
measurements is applied to the tip whilst the sample is connected to earth. The
pumping system consisted of an ion pump for the analysis chamber whereas a
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Figure 2-11. Schematic representation of sample plate for transfer of sample from one
location to another and Cu substrate mounted on sample plate. (Adapted from
11
reference )

turbo molecular pump and a mechanical rotary pump connected series for the
sample-preparation chamber. The substrate heater was a cathode W filament
under a variable electrostatic potential in a sample-plate platform for direct heat
radiation and electron radiation to the back side of the sample plate – a
schematic representation is shown in Figure 2-12. The electrical power to the
cathode filament came from a constant-current source. Acceleration of
electrons emitted from the cathode filament under an applied electric potential
was needed to reach elevated temperatures. The electric potential from the
cathode filament to the sample plate came from a constant-voltage source. In
other words, the control parameters of the substrate heater were the amount of
electrical current in the cathode filament and the applied electric potential
difference for electron acceleration to the sample plate. The control parameters
on the substrate heater depended much on the actual fabrication of the cathode
filaments and the characteristics of the filament material over time apart from
the intended temperature. A thermocouple sensor to monitor temperature was
attached onto the sample-plate platform of the substrate heater in the proximity
but not in direct contact to the sample plate. The consequent measurements
possessed an enormous error from the actual temperature of the substrate. For
example, the actual temperature of the Cu substrate could be estimated to be
close to the melting point of 1360 K from the glowing-hot colour and brightness
but the temperature measurement read 300 – 400 K lower. Nevertheless, the
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Figure 2-12. Schematic representation of substrate heater based on direct heat radiation
and electron radiation from cathode W filaments under variable electrostatic potential to
11
the back side of sample plate in Experiment Set-up No. 3. (Adapted from reference )

temperature measurements were used for reference to estimate substrate
temperature.
Some issues about the substrate heater in Experiment Set-Up No. 3
posed slow pace for temperature ramps to high temperatures. First, adequate
time had to be allowed for temperature measurements to respond at
equilibrium. Temperature measurements were important to reduce the risk of
melting the Cu substrate. Second, some contamination was released from the
substrate heater upon approach to high temperatures. The deterioration of
vacuum thereupon needed to be pumped out of the chamber for some period of
time before the temperature ramp could be continued. Otherwise, electrical
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breakdown of the medium around the substrate heater would happen and would
lead to loss of the electric potential difference applied for electron acceleration
to the sample plate.
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2.3 Sample Preparation and Measurement
Pure Cu(110) Surface
Pure Cu(110) surfaces were prepared in situ on the polished side of the
(110)-oriented single-crystal Cu substrates prior to experiments. Rounds of
argon-ion (Ar+) sputtering and anneal treatment were performed in succession.
Each process lasted for a period of about half an hour in most cases. The Ar+
beam was set to 500 – 1000 eV. The exact amount of Ar pressure in the
chamber was adjusted to maximize the beam current to the Cu substrate. An
Ar+ beam current of 2.3 – 4.0 µA at 540 eV was usual to the Cu substrate under
Ar pressure of lower 10-5 mbar in Experiment Set-up No. 1. An Ar+ beam current
of 1.0 – 4.0 µA at 500 – 1000 eV was usual to the sample plate in conjunction
with the Cu substrate under Ar pressure of mid 10-6 – lower 10-5 mbar in
Experiment Set-up No. 3. The anneal treatment of the substrate subsequent to
each sputtering was set to temperatures 700 – 900 K; 775 K was usual in
Experiment Set-up No. 1. The Cu(110) surface was considered pure,
contamination-free, and well-defined when the characteristic rectangular LEED
pattern appeared sharp on a dark background and/or when STM measurements
demonstrated smooth flat terraces and rough step edges – the latter
phenomenon has been attributed to unhindered diffusion of copper atoms at
step edges12.
An addition to the procedure for preparation of a pure Cu(110) surface
when an overlayer of graphene had been formed on the substrate was
adsorption of oxygen and subsequent quick anneal treatment to some
temperature until the substrate became glowing-hot and bright but below the
melting point. The process was meant to eliminate remnants of carbon
contaminations as volatile oxides subsequent to repeated sputter cleaning and
anneal treatment.
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Molecules in Organic Molecular Beam Deposition
The present experiments made use of OMBD onto the surface of the Cu
substrates. The molecules include perylene and Co-TPP. The evaporators were
degassed in situ prior to use in sample preparations.
Perylene of ≥99% purity in golden-orange powder form was purchased
from Sigma-Aldrich Co. The melting temperature of perylene is known to be
about 551 K13 and reports on OMBD of perylene mention sublimation
temperatures of 370 – 470 K based on measurements from a thermocouple
sensor. Deposition of perylene corresponded to a constant electrical current of
0.75 – 1.00 A in the Ta wires of the evaporator under UHV conditions. The
specific amount of electrical current to the Ta wires of the evaporator depended
on the actual fabrication of the evaporator, on the experiment set-up, and on the
intended pace of the deposition. The test for the suitable electrical current to the
evaporator in Experiment Set-Up No. 1 was made based on appearance of
noticeable vibrational bands of perylene on the Cu(110) surface past some time
period of deposition between increments in electrical current to the evaporator
in real-time RAIRS measurements. An electrical current of 0.84 A to the
evaporator for deposition of perylene was set appropriate for the time scale of
RAIRS measurements in Experiment Set-Up No. 1. The deposition rate of
perylene in Experiment Set-Up No. 2 was held fixed at an electrical current of
0.77 A in the evaporator as found suitable to allow measurements between
intervals of deposition before monolayer saturation. The deposition rate of
perylene as hydrocarbon precursors for synthesis of graphene on the Cu(110)
surface in Experiment Set-Up No. 3 was held fixed at an electrical current of
1.00 A.
Co-TPP of ≥85% purity in dark-purple powder form was purchased from
Sigma-Aldrich Co. The melting temperature of Co-TPP is known to be about
575 K from the specification sheet of the product. The deposition rate of CoTPP in Experiment Set-Up No. 3 was held fixed at an electrical current of 1.25 A
in the evaporator.
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Experiment in Perylene on the Cu(110) Surface
The RAIR spectrum of the clean Cu(110) surface was taken as the
reference prior to deposition of perylene to eliminate an influence from the
properties of the instrument and the Cu(110) surface in Experiment Set-up No.
1. The sample measurements for perylene on the Cu(110) surface reported the
properties of the perylene adsorbates. The RAIR spectra were reported in
percentage reflectance so 100% reflectance corresponded to the spectrum for
the clean Cu surface. Measurement of RAIR spectra was performed in real time
with deposition of perylene on the Cu(110) surface. The temperature of the
substrate was held at room temperature. Each measurement of the spectra in
wavenumbers 650 cm-1 – 4000 cm-1 required a time period of not less than 15
minutes. The sets of real-time RAIRS measurements of perylene deposition at
room temperature were performed for up to 300 minutes. The sample formed
upon completion of each set of the real-time measurements was annealed at
450 K for an hour, and then cooled down back to room temperature before
another RAIRS measurement.
STM measurements were performed in Experiment Set-Up No. 2
subsequent to each deposition in successive periods. The substrate was held at
room temperature. The depositions were made in total for an extended period of
time even past monolayer saturation. The end samples were annealed later on
to certain temperatures up to around 500 K for certain periods and STM
measurements were performed at room temperature.
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Experiment in Graphene on the Cu(110) Surface: Synthesis Based on
Thermal Decomposition of Perylene
The initial attempts to prepare graphene on Cu(110) surface based on
thermal decomposition of perylene on the surface were performed in
Experiment Set-up No. 1. The first step was to pre-adsorb perylene on the
Cu(110) substrate held at room temperature. The deposition of perylene was
performed until real-time measurement of RAIR spectra reached almost
constant intensities for the IR bands from the multilayer as described in chapter
3. Flash anneal treatment was held at 1250 K for a few seconds. The ramp from
room temperature to 1250 K took about a quarter of an hour. LEED
measurement at room temperature was used to test for graphene formation.
The outcome showed success as a hexagonal pattern was demonstrated.
The success of the attempt has led to an interest in further investigation
with the use of STM for characterization of structure and growth formation. The
subsequent experiments were performed in Experiment Set-up No. 3. Exact
temperatures were not measured and controlled due to the absence of a
temperature probe on the surface. Perylene was deposited on the Cu substrate
held at room temperature for a period of about half an hour. Subsequent anneal
treatment was made to a temperature of about 400 K but no more than about
450 K for a period of about half an hour to desorb the excess to monolayer
saturation. The substrate heater was set to an electrical current of about 2.5 A
in the cathode filament and the thermocouple on the sample-plate platform read
about 400 K. The presence of a saturated perylene monolayer was confirmed
based on observation of a commensurate (5x5) superstructure. Description of
the superstructure is presented in chapter 3. The STM image in Figure 2-13
shows an example of a saturated perylene monolayer pre-adsorbed on the Cu
substrate before anneal treatment to the growth temperatures of graphene.
Formation of graphene was achieved upon anneal treatment to high
temperatures until the Cu substrate appeared glowing-hot. The control
parameters on the substrate heater were set to as high an electrical current as
6.0 A in the cathode filament and to as high an applied electric potential
difference as 750 V for electron acceleration; the current of electron emission
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<110>

Figure 2-13. 1000 Å x 1000 Å STM topographic image of a pre-adsorbed saturatedmonolayer perylene on a Cu(110) surface with an anneal treatment to some temperature
less than 400 K for a period of half an hour. The image is not post-calibrated to correct
dimensions. STM measurements were performed at U = -987 mV and I = 0.20 nA.

from the cathode filament to the sample plate went as high as 50 mA. The
vacuum in the preparation chamber deteriorated as far as 10-7 mbar in the
process. Experiences made from melting a Cu substrate and from the
attempted experiments in Experiment Set-up No. 1, where exact temperatures
could be measured, had revealed the color of the Cu substrate varies from faint
orange at about 800 K to bright yellowish orange upon close approach to the
melting temperature of about 1360 K. Temperature ramps from room
temperature to high temperatures required up to an hour. Variation in the
temperature ramps and in the growth temperatures was unavoidable for
separate sample preparations due to issues about the substrate heater and the
temperature measurements.

Experiment in Co-TPP on Sub-Monolayer Graphene on the Cu(110)
Surface
Deposition of Co-TPP was made on a sample of graphene on the
Cu(110) surface in Experiment Set-Up No. 3 as prepared in the other
experiment. STM measurements were performed between intervals of
deposition. The substrate was held at room temperature. The deposition was
made in total for 30 minutes.
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2.4 Data Process
RAIRS Measurement
The RAIR spectra for perylene molecules on the Cu(110) surface
obtained straight from the FT-IR spectrometer contained non-linear distortion on
the baselines. An example of these RAIR spectra is shown in Figure 2-14 from
a total deposition period of 150 minutes. The baselines drifted into some wavelike distortions from one measurement to the other over the duration of the
entire set of measurements for the entire period of deposition. The distortion
can be attributed to subtle variations in instrument conditions over time, in
particular the temperature and the position of the sample, and not on the
variation of reflectance due to overlayer deposition as the distortion appeared
even for a clean surface and varied between the sets of measurements for
perylene on the Cu(110) surface. Nevertheless correction could be performed to
compensate for the distortion and obtain a flat baseline at the level of 100%
reflectance. The correction involved manual specification of the baseline on
each spectrum, i.e. a line was drawn on the distorted baseline.
A common feature in each RAIR spectrum from the separate
experiments is the dense appearance of an almost countless number of bands
in 1350 – 2000 cm-1 and above 3500 cm-1 from an increase in concentration of
atmospheric H2O in the path of the IR beam. These bands were dominant in the
spectra. The possible reason was increased local concentration of water vapour
in the immediate environment of the spectrometer detector unit and
condensation of moisture on the window of the detector device. At the time of
the experiment, there was a problem of poor level of vacuum in the vacuum
insulation jacket of the liquid nitrogen container to cool down the IR detector.
The problem of poor vacuum in the detector unit was apparent from
accumulation of ice on the external cover of the detector unit.
RAIRS is known to produce high-resolution spectra (cf. high-resolution
electron-energy loss or HREEL* spectra for perylene14,15). However, a major

*

High-resolution electron-energy loss spectroscopy (HREELS) is a vibrational spectroscopic
technique based on inelastic scattering of electrons from surfaces but produces much lower
spectral resolution than RAIRS.
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Figure 2-14. An example of a RAIR spectrum of perylene molecules on the Cu(110)
surface obtained straight from the FT-IR spectrometer upon measurement after a total
deposition period of 150 minutes.

drawback of RAIRS for molecules on surfaces can be the issue of weak IR
bands. Perylene molecules at surfaces are expected to produce weak bands
because aside from the sample concentrations are low, the chemical bonds in
perylene are almost non-polar and the poly-aromatic molecular structure is
almost rigid and almost flat. The worst-case scenario is when the bands are
comparable to or even less than the distortion of the baseline and magnitude of
variation in the amount of noise present; unfortunately however, the case is true
in the present experiment and in particular for the samples up to the monolayer
as can be expected from the low concentration of perylene and the weak dipole
moments in perylene. Extreme care had to be taken with manual baseline
correction to avoid unintentional elimination of actual vibrational bands. The
magnitude of a band must be higher than the level of the baseline in a spectrum
for the band to be considered. The existence of an actual band at a particular
vibrational wavenumber in a RAIR spectrum can be assured from consistent
appearance in separate experiments. Three separate sets of deposition on the
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clean Cu(110) surface and real-time RAIRS measurements were performed.
Each spectrum in the sets of measurements was examined for consistent and
well-reproduced bands at particular frequencies. The existence of these bands
was noted and particular distinction was made for them in the baseline
correction process. Manual baseline correction was then performed for each
spectrum.
Bands in 2000 – 3000 cm-1 and above 3500 cm-1 do not exist for
perylene. Consistent bands for perylene were not observed in 3000 – 3500 cm-1
from the experiments. The bands from water do not set distinction from possible
bands of perylene in 1350 – 2000 cm-1. The analysis of RAIR spectra was
therefore limited to 700 – 1350 cm-1.
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Post-Calibration of STM Measurement
Post-calibration is the application of correction factors to the dimension in
X, Y, and Z axes of STM measurements. The correction factor for each axis is
calculated from the ratio between the mean from a set of measurements of
specific features on a post-calibration standard and the known dimension of the
specific features in the same axis. The post-calibration standard was a set of
atomic-resolution topographic STM measurements of the pure Cu(110) surface
up to 200 Å x 200 Å for the STM measurements in Experiment Set-up No. 2 and
of a well-ordered p(2x1) oxygen superstructure on the Cu(110) surface up to
400 Å x 400 Å for the STM measurements in Experiment Set-up No. 3. Figure
2-15 shows an example of the post-calibration standard for each of the
experiment set-ups.
The post-calibration factors in the X and Y axes were calculated based
on the ratio between the known dimensions and the STM measurements of the
rectangular unit cells for the Cu(110) surface and for the p(2x1) oxygen
superstructure. The unit cell of Cu(110) surface has known dimensions of 2.55
Å for aCu in the <110> direction on the substrate surface and 3.61 Å for bCu in
the <001> direction on the substrate surface. STM measurements of the unit
cell dimensions and orientations can come directly from profile scans on the
topographic image or indirectly from the FFT spectra of the topographic image.
However, the latter possesses added benefits for two reasons. One reason is
the use of an entire image in the post-calibration standard instead of a limited
number of selected locations. Another reason is the possible superposition of a
number of individual FFT spectra into a single FFT spectrum. These reasons
enable acquisition of better statistical averages for the measurements and of
measurement precision. Figure 2-16 shows an example of superposition of a
number of FFT spectra from a set of 200 Å x 200 Å STM measurements for the
p(2x1) oxygen superstructure. The elliptical lines on the FFT spectra
correspond to the 2D Gaussian surface fitted to each of the peaks from the
periodic structure of p(2x1) oxygen. The dimensions of the unit cell are
calculated as the reciprocal of the distance between the maxima of two peaks at
inverse locations. The measurement precision comes from the widths of the 2D
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a

b

20Å

<110>
<110>

Figure 2-15. Examples of post-calibration standard of STM topographic measurement: (a)
atomic-resolution 100 Å x 100 Å image of a Cu(110) surface at U = -508 mV and I = 0.19
nA; (b) atomic-resolution 200 Å x 200 Å image of a p(2x1) oxygen superstructure on a
Cu(110) surface at U = +1000 mV and I = 0.40 nA.

Gaussian surfaces. The spread of the FFT peaks or in other words the variation
of periodic distances could be due to some disorder in the superstructure and
some drift of the piezoelectric scanner in the STM instrument. The same
process is made for the FFT spectra of the post-calibration standard from the
pure Cu(110) surface. The rest of the process towards the post-calibration
factors is mere trigonometric calculations.
The post-calibration factors depend on the axis of scan, the scan size,
and the scan direction. Figure 2-17 summarizes the post-calibration factor in X
and Y axes as a function of scan size at 0°-scan direction for each of the
experiment set-ups. The error bars come from the measurement precision. The
calibration factor for Experiment Set-Up No. 2 approaches 1.00 in X axis as the
scan size increases and is about constant around 1.25 in Y axis. The calibration
factors for scans over 200 Å in Experiment Set-Up No. 2 can be estimated
around 1.00 in X axis and 1.25 in Y axis. Indeed, post-calibration factors for 500
Å x 500 Å STM measurements in Experiment Set-up No. 2 were derived from
comparison of same features of perylene on the Cu(110) surface between a
500 Å x 500 Å STM measurement and a post-calibrated 200 Å x 200 Å STM
measurement on same location; the factors were found 1.05 in X axis and 1.27
in Y axis. The relative error remains almost the same at 2.1% in X axis and
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Figure 2-16. A superposition of a number of FFT spectra from a set of 200 Å x 200 Å STM
measurements for the p(2x1)-oxygen post-calibration standard.

decreases to 4.3% in Y axis as the scan size increases. On the other hand, the
calibration factor for Experiment Set-Up No. 3 is about constant close to 0.98 in
X axis and approaches 1.10 in Y axis as the scan size increases. The relative
error varies in X axis and decreases in Y axis as the scan size increases.
Calibration factors for scans over 400 Å in Experiment Set-Up No. 3 can be
estimated as 0.98 in X axis and 1.10 in Y axis from extrapolation of the plot; the
relative error can be estimated as 10% for both axes.

Software for Data Analysis
Analyses of STM measurements made use of the software STM Image
Analysis version 2.1 for the data from Experiment Set-up No. 2 and the software
WSxM version 5.0 for the data from Experiment Set-up No. 316. 2D models
were created in AutoCAD 2015. Graphs and the 2D Gaussian surface for the
FFT peaks were made in the software OriginPro 9. Some spreadsheet
calculations were made in Microsoft Excel.
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Figure 2-17. Dependence of post-calibration factor in the X and Y axes to scan size at 0°scan direction for Experiment Set-Up No. 2 based on a pure Cu(110) surface and for
Experiment Set-Up No. 3 based on a p(2x1) oxygen superstructure on a Cu(110) Surface.
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Chapter 3
Perylene on Cu(110) Surface
The chapter introduces facts about the chemical structure, the molecular
structure, and the crystal structure of perylene. The second section reviews
growth, structure, and interaction of perylene on various kinds of substrates in
order to understand the behaviour of perylene on surfaces on the whole. One
part of the review is devoted to perylene on Cu(110) surface. The subsequent
sections present the outcomes of the present studies of perylene on Cu(110)
surface based on RAIRS and STM measurements. The present studies of
perylene on Cu (110) surface are preludes to the experimental work on the
synthesis of graphene on Cu(110) surface in the next chapter, but hopes to add
some data to resolve the discrepancies between independent groups in the
conclusions on the multilayer structure of perylene.

3.1 Related Facts about Perylene
Perylene is C20H12 aromatic hydrocarbon and can be viewed as two
naphthalene molecules connected in centrosymmetry. The chemical structure is
shown in Figure 3-1a. The directions are indicated for the long molecular axis L
and the short molecular axis M. The carbon-carbon bonds at the connection
between the naphthalene parts are called peri-bonds1. The effect of resonance
at the naphthalene parts is evident in calculations1–9 and measurements of the
interatomic carbon-carbon distances1,10–13. The mean carbon-carbon distance at
the naphthalene parts measures about no more than 1.41 Å1,10–13. On the other
hand, the peri-bonds appear in formal structure representation as sp2 - sp2
single bonds, and is almost devoid of aromatic conjugation at the center of the
carbon skeleton so the aromatic character of the molecule is much localized in
each of the naphthalene parts14. There had been discrepancies on the
measurement for peri-bonds1,10–13, but the bond distance has become
established at 1.473 Å later on12, whilst for comparison the pure sp2 - sp2 single
bond is 1.534 Å15. The distance for the peri-bonds correlates to π-bond order of
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L

M

a

b

Figure 3-1. (a) Chemical structure of perylene; the directions are indicated for the long
molecular axis L and the short molecular axis M. (b) The solid-state structure of the α –
50
polymorph of perylene (adapted from reference ).

0.2115 hence some delocalization of electrons between the naphthalene parts.
Calculations do show there exists partial π-bond character in the peri-bonds1–9.
So far none of the calculations can provide complete explanation of the
measured distances for the bonds in perylene1–9. There are speculations that
intramolecular steric repulsions between the hydrogen atoms in ortho-positions
to the peri-bonds exist1,4,6,9–11,13,16–18, and cause deformation of the molecular
structure and deviation from a planar conformation4,6,9,10,13,18. One important
deformation could be the stretch of the peri-bonds1,4,6,9–11,13,16–18. The peribonds impart some flexible character to the almost-rigid carbon skeleton of
perylene19–21. Indeed, the naphthalene parts of perylene can twist in opposite
directions at the peri-bonds about the long molecular axis9,17,18. The molecular
conformation of perylene exists as an equilibrium between twisted and planar18.
Perylene in solid state exists in two forms – the α-polymorph1,13 and the
β-polymorph22. The most stable form is the α-polymorph22; the crystal structure
is shown in Figure 3-1b. The α-perylene consists of four molecules in the unit
cell of a monoclinic lattice1,13 and the lattice parameters measure a = 11.27 Å,
b = 10.82 Å, c = 10.26 Å, β = 100.55° 1. The four perylene molecules in the unit
cell group in dimers where the molecular planes face each other in staggered
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positions at a perpendicular distance of 3.46 Å1,13. The molecules are somehow
bent from a planar conformation into a bow shape about the L axis1. The bond
lengths and bond angles at symmetrical positions in the chemical structure of
perylene are not equal but show deviations from one another1. The plane on the
b-c axes otherwise known as the (001)-oriented plane exhibits as the
preference of texture on the surface of α-perylene23. The nearest approach
between perylene molecules occurs in the plane. The molecules stand almost
upright, the long molecular axis at 85° from the plane24, and the dimers pack at
the level of the plane in a herringbone structure. The overlap and extension of
π-orbitals in the (001)-oriented plane excites interest in optimization of αperylene as an organic semiconductor for applications in electronics and
optoelectronics25.
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3.2 A Review of Perylene on Surfaces
The section reviews reports on growth, structure, and interaction of
perylene on surfaces at room temperature under UHV conditions unless the
conditions are specified otherwise. The surfaces are metals, inert insulators,
and inorganic semiconductors.

On Metal Surfaces up to Monolayer Saturation
The consensus from the reports of perylene on metal surface at submonolayer coverage is that it exhibits mobile behaviour. The intermolecular van
der Waals interaction and the variation in molecule-substrate interaction with
adsorption sites must be too weak to suppress molecular diffusion and to
impose stable molecular formation. Induced dipole interaction in hydrocarbons
is one of the weakest forms of van der Waals interaction. Most of the STM
investigations on metal surfaces at sub-monolayer coverage have reported no
images of perylene unless performed at low temperatures26–32 whilst others
have observed some mobile or unstable structures of aggregated molecules but
have been unable to demonstrate resolution of individual molecules33–35.
Perylene molecules in direct contact with the metal surface adsorb in a
flat-down orientation26–30,32,36–41 so here the description of superstructures is
made on such context unless stated otherwise. The reason for the flat-down
adsorption is the favourable overlap between the π-orbital states of the
molecule and the valence band states of the surface29,36–38,42. Electron transfer
between these states is possible for some metal surfaces based on the lowered
binding energies of molecular orbital states in UPS spectra and the dipole
excitation of specific vibrational modes in HREEL spectra27,29,36,37,42. Indeed,
reduction of the work function has been reported29,36,37,42. The adsorption
energies of an isolated perylene molecule on metal surfaces can be a few
hundred meV’s as on Ag surface up to tens of eV’s as on Ru
surface26,30,36,38,39,43. Rotation of molecular orientation and variation of
adsorption site can change these adsorption energies up to few hundred meV’s
on Ag surfaces and up to ten eV’s on Ru surface26,30,36,38,39,43. The moleculesubstrate interaction on Ag surface is weak due to mismatch in energy levels
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between the π-orbital states of the molecule and the valence d-band states of
the surface39; indeed, the partial charge density of perylene on the surface
remains almost unchanged from the partial charge density of free perylene
molecule39. Intermolecular interaction between two perylene molecules in the
flat-down adsorption on metal surface can provide additional stabilization up to
40 meV43.
Perylene is selective to particular adsorption sites on metal surfaces as
the molecule tends to maximize the overlap between the π-orbital states of the
molecule and the valence band states of the surface. The description of
preference to a particular adsorption site is made in terms of the location of the
center of the molecule on the surface. In fact one report has proposed the nonaromatic nucleus at the center of the molecule forms chemical bond to metal
surfaces and the finite size of such non-aromatic nucleus could be another
reason perylene is able to select specific adsorption sites27.
Uniform coverage of a perylene monolayer on metal surface proceeds
before formation of multilayer26–30,32–34,38–40,43. The subsequent review of
perylene superstructures on metal surfaces below focuses on coverages close
to or at monolayer saturation. Superstructures in solutions are included as
occasional agreement with those under UHV conditions is observed44. The
superstructures on metal surfaces depend on substrate temperature26,28,29,33,37–
39,43

but the relation to deposition rate remains to be confirmed. The

superstructure on (110)-oriented surface can be chiral due to the two-fold
symmetry of the surface when the two unit cell vectors are not in the direction of
the high-symmetry axes of the surface. The chiral superstructures exist in pairs
and are related to each other as mirror images due to reflection across mirror
planes on the high-symmetry axes of the surface.
The growth on Ru(0001) has been studied using LEED32,36, STM32, and
UPS36. The saturated monolayer can form p(4x4) superstructure36, or a
coexistence between (12x12) superstructure phase and disordered phase of
random-distributed molecules32. DFT calculations show the most favourable
orientation when the long molecular axis is parallel to the close-packed <1000>
directions36 – in agreement with STM measurements32. The molecular
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orientation leads to the highest symmetry when the center of the molecule is
located at the atop site or the bridge site36. Decomposition of the monolayer
occurs above 475 K and leads to some residual hydrocarbon36.
The growth on Ag(110) has been studied using LEED26,33,37,38,
STM26,38,39,43, and UPS37. The growth process shows evolution in structure as
deposition approaches monolayer saturation26,33,37,38; the structure starts from a
disordered but homogeneous distribution of the molecules and proceeds
towards

various

ordered

superstructures

in

a

number

of

transformations26,33,37,38. The saturated monolayer can form incommensurate33,
or commensurate26,37–39,43 superstructures under various growth temperatures.
Except for the c(6x2) superstructure37, the superstructures are chiral. For some
superstructures, the long molecular axis is parallel to the close-packed <110>
directions26,39; DFT calculations show the molecular orientation corresponds to
the most stable adsorptions26,39,43. However, there are discrepancies in the
reported adsorption energies and the location of the most stable adsorption site;
in two reports the hollow site is the most stable at 311 meV in one26 and 530
meV in the other39, but in another report the short-bridge is the most stable at
554 meV43. The reason for these discrepancies is not clear but differences can
be seen from the details of the calculations such as the simulation software, the
approximation for the exchange correlation, and the description for the ionelectron interaction. For the other superstructures where the molecules form as
dimers, trimers, and close-packed ‘monomers’ in molecular rows in the <111>
directions, the long molecular axis is rotated 50° from the close-packed <110>
directions38,43; DFT calculations for the molecular orientation show stable
adsorption at 302 meV when the center of the molecule is located at the shortbridge site38. Inclusion of intermolecular interaction into the calculations shows
the adsorption for the close-packed ‘monomers’ becomes more stable at 327
meV

43

; the molecules in the dimers and the trimers keep the adsorption at the

short-bridge site, but the adsorption energies decrease to 273 meV and 264
meV as the molecules compress into the dimer and the trimer due to increase in
both

intermolecular

repulsion

and

molecule-substrate

Decomposition of the monolayer occurs above 410 K 37.
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separation43.

The growth on Ag(111) has been studied using HREELS27, LEED27,45,
NEXAFS45, and STM27 . The growth process evolves in a similar manner to the
observation on Ag(110) surface27. The saturated monolayer forms the
molecules in an incommensurate hexagonal lattice but possesses no order in
molecular orientation27. However, STM has been reported to be unable to
obtain measurements for the monolayer27. The flat-down orientation of
molecules on the surface has been found to be meta-stable as the molecules
reposition towards an upright orientation at increased temperatures27,45 – which
is not unexpected as solid-state perylene forms the stable α-polymorph when
the molecule-substrate interaction is weak, and the texture of α-perylene on
surfaces prefers the (001)-oriented plane where the molecules stand almost
upright46. Desorption of the monolayer occurs from 480 K27.
The growth on (1x2)-reconstructed Au(110) has been studied using
LEED33,34, STM33,34, and XPS33. Molecular chains form in the <110> direction
with structural transitions into more compact inter-chain separations of four,
three, and two units of the interatomic distance a in the <001> direction on the
surface as deposition approaches monolayer saturation33,34. The free surface of
Au(110) is known to form favourable 1 x N reconstructions47. The structural
transitions

are

presumed

to

be

a

consequence

of

perylene-induced

reconstruction of the Au(110) surface into (1x4), (1x3), and (1x2)34. The 4aspaced and the 3a-spaced molecular chains possess no 2D order and the
molecules tend to remain mobile prior saturation33,34. Weak intermolecular and
molecule-substrate interaction is consistent with XPS measurements33. The
saturated monolayer forms a commensurate (7.5x2) superstructure in antiphase domains33,34. The unit cell consists of two molecules tilted towards the
surface normal at non-equivalent positions33,34.
The growth on Au(111) has been studied using LEED28,33, STM28,29,40,
UPS29,42, and XPS29. The growth process evolves in a similar manner to the
observation

on

Ag

surfaces28,33.

The

saturated

monolayer

forms

a

commensurate (4x4) superstructure28,29,33. The long molecular axis is parallel to
the <112> direction28,29. DFT calculations for the molecular orientation show the
location of stable adsorption can be the fcc site or the bridge site as the
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difference in adsorption energies is just 3 meV28. Electrochemical STM
measurements also show formation of a (4x4) superstructure in 0.1 M HClO4
solution, despite additional factors such as the role of the electrolyte solution
and the charged interface40. The saturated monolayer can also form other
superstructures under certain growth conditions.
The adsorption on Cu(111) in 0.1 M HClO4 solution has been studied
in situ using electrochemical STM41. The saturated monolayer forms four-fold
commensurate molecular chains in the close-packed <110> directions and the
long molecular axis is parallel to the chain direction41. The distance between the
molecular chains is twice the distance between the surface lattice points in the
<112> direction perpendicular to the chains.
The growth on Cu(100) has been studied using LEED31, STM30, and
XPS31. The saturated monolayer forms c(8x4)30,31 and c(8x6)30 superstructures.
Each of the superstructures contains two molecules in the unit cell and appears
in two symmetry-equivalent domains due to the four-fold symmetry of the
surface30. The long molecular axis is parallel to the close-packed <110>
directions for both superstructures30. This molecular orientation matches the
four-fold symmetry of the surface. DFT calculations show the most stable
adsorption corresponds to this molecular orientation and the center of the
molecule located at the atop site, and the molecular plane exhibits a minor
bend30. The adsorption leads to the four aromatic nuclei of the molecule located
almost at the bridge site30. The c(8x4) superstructure is stable up to 500 K31.
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On Metal Surfaces at Multilayer Coverage
There are three principal modes of overlayer growth on surfaces. The
Frank-van der Merwe mode forms a complete layer before the next layer starts.
The Vollmer-Weber mode nucleates and grows three-dimensional islands. The
Stranski-Krastanov mode nucleates and grows 3D islands after formation of a
complete two-dimensional layer.
The growth on Au(111) and Ag(111) surfaces occurs in the StranskiKrastanov mode27,29,48–51. Regions of the monolayer remain exposed at
multilayer coverage27,28,33. The structure of the 3D islands on the Au(111)
surface tends towards a (001)-oriented α-perylene crystal28,48,49. Based on STM
measurements, the growth immediately after monolayer saturation of the (4x4)
superstructure on the Au(111) surface forms 2D islands where the molecules
are tilted from the surface with an apparent height of 4 – 5 Å and form dimers in
an oblique structure28. In other words, the flat-down structure in the monolayer
does not transfer to the multilayer. Most reports explain the growth behaviour of
perylene multilayer on these surfaces as the effect of dominance of the
intermolecular interaction in an α-perylene crystal over the molecule-substrate
interaction upon saturation of the monolayer, whilst at the same time the texture
of α-perylene on the surface has preference for the (001)-oriented
plane28,33,48,49. Indeed a decrease in molecule-substrate interaction can account
for the reduction of growth rate upon monolayer saturation28,33.
Desorption of the multilayer starts at 400 K on Ru(0001) surface36 and
below 410 K on Ag(110) surface37.
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On Cu(110) Surface
The growth on Cu(110) is reviewed here as a separate section in the
interest of the studies in the present chapter. There exists two sets of reports on
the growth of perylene on Cu(110) surface. One is from the research group of
N.V. Richardson and co-workers who supported an exceptional case of epitaxial
growth for the multilayer with molecules in a flat-down orientation52. The other is
from the research group of C. Wöll and co-workers who made an independent
investigation but then came to a different conclusion on the growth of the
multilayer53 – consistent with the growth of perylene on other metal surfaces in
the multilayer27–29,33,48–51. Hereafter ‘NR group’ for the former and ‘CW group’ for
the latter are used as abbreviations.
The phase diagram in Figure 3-2 shows a map of the coverage and
temperature dependence to summarize the approximate location of the
preparation conditions for the reported structures of perylene on the Cu(110)
surface. Note the diagram does not have to represent thermodynamic phases
as kinetics could be an influence on the formation of the structures. The
temperature for the structures on the diagram relates to the substrate
temperature in the process of deposition or to the anneal temperature
subsequent to deposition at lower temperature. The absence of boundaries for
each structure means the structures can coexist and the exact limits of
existence are unknown.
NR group included measurements from LEED35,52, HREELS52, and
STM35,52. The saturated monolayer forms a c(8x4) superstructure35. The size of
the unit cell can accommodate two molecules in a flat-down orientation and a
possible disorder in the molecular orientation about the surface35. DFT
calculations of intermolecular interaction for the most favourable orientation
between two adjacent flat-down perylene molecules in the c(8x4) superstructure
show weak attraction with an interaction energy of 8 meV when the long
molecular axes are in the <001> direction35; indeed, some disorder in molecular
orientation can be expected as the intermolecular interaction for the molecular
orientation is just about 1 meV more stable than those for other possible
combinations of molecular orientation35. The c(8x4) superstructure transforms at
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Based on temperature-dependent TDS, XPS, and HAS measurements in CW group31,54.
Based on HAS measurements at 110 K in CW group31.
c
Based on STM measurements at 110 K and room temperature in CW group31,55.
d
Based on LEED and STM measurements at room temperature in NR group35,52.
e
Flat-down molecules based on HREELS measurements at room temperature in NR group52. However, CW
e
group has questioned the conclusion from NR group31,54 – formation of the structure as a multilayer in the
e
layer-growth mode.
f
(001)-textured formation in the island-growth mode based on XPS, NEXAFS, AFM, SEM, and polarization
f
microscopy measurements in CW group50,54.
b

Figure 3-2. Map of the preparation conditions for particular structures of perylene on
Cu(110) surface in terms of coverage-temperature diagram. A unit of monolayer coverage
corresponds to monolayer saturation.

450 K into a commensurate chiral superstructure of close-packed molecules in
a rectangular unit cell35. The size of the unit cell can accommodate just one
molecule in a flat-down orientation35. The nature of the superstructure imposes
restrictions on the orientation of the long molecular axis to the high-symmetry
axes of the surface35. Molecular chains form in the <110> direction at the edges
of terraces35. The appearance of the molecular chains has been interpreted as
a demonstration of initial growth of an ordered multilayer over the surface of the
monolayer superstructures35. The extent of the molecular-chain formation is
limited in the environment of the chiral superstructure35. On the other hand,
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further exposure of the c(8x4) superstructure increases the extent of the
molecular-chain formation35.
Formation of multilayers has been assumed after deposition for a certain
period of time52. Most of the molecules adopt a flat-down orientation52. The
surface of the overlayer can be described in a rectangular unit cell whose
vectors are 8-fold commensurate in the <110> direction but incommensurate in
the <001> direction52. The visible features are well-ordered close-packed
molecular chains of flat-down molecules in the <110> direction52. The
orientations of the long molecular axes alternate between the <110> and <001>
directions in each molecular chain52. Adjacent terraces on the overlayer are
separated across step edges with a height of 1.7 Å52. The relative position of
molecular chains between adjacent terraces across step edges registers inphase in the <001> direction but out of phase in the <110> direction52. Based
on these features, a novel ABAB-stacked epitaxial formation of a centered
orthorhombic perylene crystal has been proposed with six flat-down perylene
molecules in one unit cell of dimensions 20.7 Å x 19.3 Å x 3.4 Å 52. Hole defects
appear as deep as 3 nm – equivalent to about 18 monolayers52. The surface of
the overlayer shows extreme flatness so a Frank-van der Merwe growth mode
has been proposed. The 8-fold commensurate period in the <110> direction is
a feature common to both the c(8x4) superstructure in the saturated monolayer
and the centered orthorhombic structure in the epitaxial multilayer35. The
epitaxial multilayer has therefore been assumed to form on top of the c(8x4)
superstructure35.
The stability of perylene on Cu(110) surface has been followed based on
temperature-dependent HREELS measurements52. The multilayer is stable up
to 465 K, and then desorbs up to 540 K 52. The monolayer is stable up to 600 K,
then desorbs at higher temperatures, but upright molecules remain, perhaps
those molecules adsorbed at surface defects52.
CW

group

included

measurements

from

NEXAFS54

,TDS31,54,

XPS31,50,54, HAS31, LEED31, STM31,55, AFM50,54, OPM50 and SEM50. The
outcome of the investigation into the stability of perylene on Cu(110) surface in
CW group disagrees with that of the NR group31,52,54. Desorption of the
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multilayer occurs with zero-order kinetics from about 350 K and peaks at about
380 K with an activation energy of 1.26 eV31,54. The saturated monolayer
remains stable up to 550 K without desorption of intact perylene molecules
before decomposition at higher temperatures31,54. The thermal characteristics
manifest the difference in strength between the molecule-substrate interaction
in the monolayer and the intermolecular interaction in the multilayer54,55.
The formation of well-ordered superstructures is dependent on coverage
and temperature31. The measurements of the superstructures were based on
He diffraction for accurate determination and the experiments were performed
at a substrate temperature of 380 K to limit the formation to no more than
monolayer saturation and to exclude formation of multilayers31. The formation
starts from a dilute phase of isolated molecules31. Further exposure forms a
c(8x5) superstructure in coexistence with the dilute phase of isolated molecules
before a c(8x4) superstructure appears31. Monolayer saturation forms a
(4.25x5)

superstructure

and

some

minor

coexistence

of

an

(8.5x5)

superstructure31. The unit cell of the (4.25x5) superstructure consists of two
molecules. Some molecular chains exist and extend from step edges onto the
surface terraces in addition to close-packed superstructures55. Transformation
of the saturated monolayer into a (5x5) superstructure occurs after some time
period of anneal treatment at elevated temperatures up to 450 K with some
coexistence of c(8x4) and other superstructures31,55. Perylene molecules in the
saturated monolayer are intact and possess a flat-down orientation31,54,55.
STM measurements show the saturated monolayer of the (5x5)
superstructure consists of molecular chains in the <110> direction with the long
molecular axes in the same direction, and includes adsorbate-induced
reconstruction of the Cu(110) surface underneath the saturated monolayer into
a periodic modulation of upper and lower terraces across monatomic Cu
steps31,55. He-diffraction measurements for the superstructure corroborate an
increase in the number of Cu-surface steps of 1.3 Å in height31. For comparison,
the effective thickness of perylene on the Cu(110) surface is 2.1 Å based on
He-diffraction measurements for the c(8x5) superstructure31. Each of the
terraces on the surface reconstruction consists of three close-packed rows of
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Cu atoms and accommodates one molecular chain55. The (5x5) superstructure
contains some amount of local disorder from minute shifts of position in the
direction of the molecular chains between molecules across upper and lower
terraces55. The distribution of shifts is related to the atomic corrugation on the
close-packed atomic rows of the Cu surface55. The (5x5) superstructure has
been noted to possess some resemblance in two-dimensional features to the
centered orthorhombic epitaxial structure in the report from NR group31,52,55.
The close-packed nature of the (4.25x5) superstructure prohibits
molecular orientation in the <110> direction and assembles the molecules into
a herringbone formation31,55. The (5x5) superstructure is less dense-packed31,55
but reverts to the (4.25x5) superstructure upon subsequent exposure to
perylene deposition at 380 K31. The transformation into the (5x5) superstructure
has been considered to give an enhancement of molecule-substrate interaction
from re-orientation of the molecular orientation to the <110> direction whilst at
the same time the molecules are still close-packed55. The creation of steps in
the surface reconstruction has been estimated to need about 0.1 eV per
adsorbed perylene molecule55. Adsorption of a perylene molecule on the centre
of three close-packed atomic rows of the Cu surface with the long molecular
axis in the <110> direction has been expected to be favourable because of
match in dimension and symmetry between perylene and the Cu(110) surface55.
The same adsorption configuration has been assumed in c(8x5) and c(8x4)
superstructures31.
STM measurements show the surface reconstruction evolves into even
more complex periodic patterns of narrow terraces in staircases when the
anneal treatment of the saturated monolayer is made over extended periods of
time55. The surface modulation underneath the monolayer exhibits increase in
amplitude and period as the transformation proceeds further from the (5x5)
superstructure to a (5x10) superstructure and then towards formation of (551)oriented facets55.
Growth of the multilayer has been investigated50,54. In contrast to the flatdown molecular orientation and Frank-van der Merwe growth mode for the
multilayer in the report from NR group, the long molecular axis repositions
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towards almost upright orientation as the multilayer coverage increases54 and
3D islands form in the Stranski-Krastanov growth mode50. The multilayer
formation is homogeneous at lower temperatures but transforms into islands at
room temperature50. Minimization of surface tension from an increase of volume
to

surface

ratio

has

been

considered

to

drive

the

morphological

transformation50. The islands form smooth terraces50. The height of step edges
between smooth terraces measures 1.0 nm, in close agreement with the
separation between molecules in an almost upright orientation from adjacent
(001)-planes in the α-perylene crystal54. Growth in the lateral direction is
anisotropic as seen from the rectangular shape of the islands50. The shape has
been considered reasonable for the herringbone structure of α-perylene crystals
in two dimensions50. The islands past the coalescence stage of growth become
conical-shaped due to the presence of screw dislocation50. Perylene is
polycrystalline as a film on Cu(110) surface50.

On Inert Surfaces
This section is included in the review as growth on inert surfaces
resembles the growth of 3D islands in the Stranski-Krastanov mode on metal
surfaces. Inert surfaces possess weak interaction with perylene at the
interface56,57. Most of the experiments have been focused on Al2O349,56,58,
SiO246,51,59, and SiOX59 surfaces. The molecule-substrate interaction is weaker
than intermolecular interactions46,49. As a consequence, perylene favours an
almost upright orientation on these surfaces to form islands of (001)-oriented αperylene46,49,56,58. The dependence of nucleation and growth on deposition
parameters exists in accordance with the concepts of the atomistic theory of
nucleation and growth – high growth temperatures46,56,59, low deposition
rates46,58,59, and decreased molecule-substrate interactions59,60 lead to low
density of islands, large island size, and high crystal quality. Nucleation of 3D
islands occurs at accessible conditions over a large window whilst nucleation of
2D islands occurs at low substrate temperatures and high deposition rates46,56.
TiO2(110) possesses the distinction from the other inert surfaces as growth
proceeds in the Stranski-Krastanov mode – the monolayer consists of
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molecules in a flat-down orientation but shows no superstructure order57.
Perylene desorbs from Al2O3 substrate under vacuum even at room
temperature56; complete desorption has been found at 550 K56.

Comparison Between Growths on Au(111) and Inert Surfaces
The growth of 3D islands on inert 1-octadecanethiol SAM-modified
Au(111)48, glass51, and Al2O3 surfaces49 has been studied in conjunction with
growth on Au(111) surface for comparison. Better texture towards (001)oriented α-perylene islands characterizes the growth on SAM48 and Al2O3
surfaces49, consistent with the flat-top facets of islands48. The extent of texture
can be explained as an effect of difference in molecule-substrate interaction48.
The molecule-substrate interaction on inert Al2O3 and SAM-coated Au surfaces
imposes no constraint to molecular orientation but allows the almost-upright
orientation from the start of nucleation. On the other hand, the moleculesubstrate interaction on Au(111) surface causes transition in molecular
orientation from flat-down to almost upright.
The island density increases with deposition time both on SAM-modified
Au(111) and glass surfaces until the islands start to connect together, in
contrast to almost-constant island density on a Au(111) surface at the same
deposition rate48,51. Higher island density and smaller island size exists on
SAM-modified Au(111) surface48. The change in local structure with time is less
rapid on glass – a behaviour consistent with a uniform size distribution of small
islands on glass in contrast to an uneven size distribution of large islands on Au
surface51. Growth in the lateral direction is isotropic on glass surfaces whilst
anisotropic on Au surfaces49,51. This evidence points to less rapid diffusion on
SAM and glass surfaces than on the complete layer of flat-down perylene
molecules on a Au(111) surface.
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On Inorganic Semiconductor Surfaces
Growth of perylene on GaAs(100) and InAs(111) surfaces shows
differences in vibrational features between the monolayer and the multilayer but
the vibrational features become consistent with those of the organic crystal in
the multilayer61. The molecular orientation moves from flat-down towards
upright subsequent monolayer saturation but remains almost flat-down61. The
multilayer has weakened molecule-substrate interaction but has increased
crystalline order61. The pattern in the surface plane for the multilayer adopts a
(3x3)R±45° square structure on GaAs(100) and a rectangular structure with two
molecules in the unit cell on the InAs(111)61. Rapid desorption of the multilayer
on GaAs(100) surfaces occurs above 400 K but the monolayer remains stable
up to 620 K whilst desorption of multilayers on InAs(111) occurs at room
temperature61.
Growth on Si(100) surfaces forms 3D islands in accordance with the
concepts of the atomistic theory of nucleation and growth62. However, the
distinction between pure-island growth mode or Stranski-Krastanov mode has
not been found62. The molecular orientation tends to incline towards the surface
for the monolayer but moves towards an upright position for the multilayer62. On
the other hand, the molecular orientation on Si(111) for both cases of
monolayer and multilayer has been found to be flat-down62,63 despite weak
substrate-molecule interaction62. The multilayer structure with flat-down
molecular orientation has been considered an isolated case of exceptional
formation in view of the herringbone arrangement in the crystal structures
known so far for perylene62. Desorption of the multilayer occurs before
decomposition above 600 K and residual carbon remains present even at 1220
K62.
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3.3 RAIRS Characterization of Perylene on the
Cu(110) Surface
Identification of IR Bands
Measurements of RAIR spectra were performed in real time with
deposition of perylene on a Cu(110) surface at room temperature. Figure 3-3
shows a series of baseline-corrected RAIR spectra from measurements at
regular time intervals within a deposition period of 150 minutes. The spectra are
shown in red-coloured lines with the order of succession in time from top to
bottom. The spectra are off-set from one another at regular separation in the
vertical axis of the plot for ease of comparison. Consistent RAIR bands are
noted and the wavenumber position is shown as a label next to the band. In the
initial period of adsorption, RAIR bands are observed at 740 cm-1, 785 cm-1,
1240 cm-1, and 1325 cm-1. However, the RAIR band at 1325 cm-1 attenuates as
RAIR bands at 770 cm-1 and 813 cm-1 develop.
Table 4-1 summarizes a comparison with the IR-active vibrational modes
for

perylene

in

past

reports

from

experiments61,64–67

and

theoretical

calculations11,68,69. Assignment of the RAIR bands in the present measurements
can be made on the basis of direct comparison with those in Table 4-1. The
RAIR band at 770 cm-1 corresponds to the vibrational mode with B3u symmetry
due to an out-of-plane bend of the twenty-four C–C bonds69. The RAIR band at
813 cm-1 corresponds to the vibrational mode with B3u symmetry due to an outof-plane bend of the twelve C–H bonds69. The rest of the RAIR bands however
cannot find direct assignment to the reported vibrational modes of perylene69.
The metal-surface selection rule inherent in RAIRS for flat-down
adsorption of planar molecules limits the IR spectrum to out-of-plane vibrational
modes. Moreover, substrate-molecule interaction can cause a red-shift in
vibrational frequencies70. Perylene molecules on Cu(110) and other metal
surfaces are known to possess flat-down orientations up to complete saturation
of the first monolayer before growth of the multilayer. The flat-down adsorption
of perylene on metals is known to be favourable for formation of chemical bonds
from overlap between the π-orbital states of the molecule and the valence band
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Figure 3-3. RAIRS measurements for perylene on a Cu(110) surface. The spectra in redcoloured lines are real-time measurements at regular time intervals during deposition
and are presented from top to bottom in the order of succession with time. The spectrum
in green-coloured line is measurement subsequent to anneal treatment at 450 K after the
real-time measurements.

states of the metal surface29,36–38,42, with possible electron transfer from the
valence d-band of the surface to the π-orbital of perylene27,29,36,37,42. The RAIR
bands at 740 cm-1, 785 cm-1, 1240 cm-1, and 1325 cm-1 must come from red-
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shifted out-of-plane vibrational modes. The report for perylene on GaAs(100)
surface has demonstrated red shifts of 15 – 25 cm-1 in vibrational frequencies61.
Possible reasons for the red-shift in vibrational frequencies of molecules in
direct contact with the Cu surface due to molecule-substrate interaction include
distortion from the planar structure of the perylene molecule and weakened C–
C and C–H bonds. On the other hand, the direct correspondence of the RAIR
bands at 770 cm-1 and 813 cm-1 in the present measurements with the reported
vibrational modes of perylene shows evidence of interaction limited to Van der
Waals. The sudden appearance of these RAIR bands at some point in time of
deposition is consistent with suppression of substrate-molecule interaction in
the multilayer upon saturation of the monolayer. In other words, the RAIR bands
at 770 cm-1 and 813 cm-1 characterizes growth of the multilayer whilst the RAIR
bands at 740 cm-1, 785 cm-1, 1240 cm-1, and 1325 cm-1 characterizes growth up
to saturation of the first monolayer. The data in Table 4-1 from past reports
show most of the IR-active vibrational modes come from in-plane vibrations. In
contrast, not even one of the prominent in-plane IR-active vibrational modes is
present in the RAIR spectra of the multilayer. The absence of in-plane
vibrational modes suggests molecules in the multilayer possess an orientation
parallel to the surface plane in accordance with the surface selection rule. Minor
contributions of in-plane vibrational modes to the IR bands at 770 cm-1 and 813
cm-1 can then be ruled out.
The past reports show the vibrational modes at 770 cm-1 and 813 cm-1
manifest as the prominent IR bands of perylene69. Then these vibrational modes
can be expected to appear as RAIR bands up to complete saturation of the first
monolayer, but can be shifted to different frequencies as the molecules in direct
contact with the Cu surface can be under the influence of molecule-substrate
interaction. The RAIR bands at 770 cm-1 and 813 cm-1 of the multilayer are
positioned 43 cm-1 apart from each other. For comparison, the RAIR bands at
740 cm-1 and 785 cm-1 of the molecules in direct contact with the Cu surface are
positioned 45 cm-1 apart from each other. The differences in position of the
RAIR bands are almost the same to suggest the former set and the latter set of
RAIR bands are the counterparts of each other and come from the same set of
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vibrational modes. In other words, the RAIR band at 740 cm-1 is shifted 30 cm-1
from 770 cm-1 due to molecule-substrate interaction of the molecules in direct
contact with the Cu surface. Likewise, the RAIR band at 785 cm-1 is shifted 28
cm-1 from 813 cm-1. The amounts of red shift in vibrational frequencies are
almost the same for the two vibrational modes. The persistence of the RAIR
bands at 740 cm-1 and 785 cm-1 even in the later period of deposition suggests
the molecules in direct contact with the Cu surface remain in flat-down
orientation in the presence of the multilayer or areas of the saturated monolayer
remain exposed.
The RAIR bands at 1240 cm-1 and 1325 cm-1 cannot be identified with
IR-active and even with IR-inactive vibrational modes, as there exists no out-ofplane vibration of frequencies higher than 1000 cm-1 in perylene69. Dimer
modes in α-perylene67 can be ruled out as the molecules prefer maximum
contact with the Cu surface in a flat-down orientation. The surface phonons for
Cu(110) surface71 occur below 200 cm-1 so the frequencies of the bands could
be too high to be combination bands due to simultaneous excitation of
vibrational modes of perylene and phonons of the Cu surface61. The most
probable explanation for the RAIR bands therefore is combinations of
vibrational modes64,67. The unknown amount of red shift complicates straightforward identification of the components of the combinations. The strengths of
the RAIR bands indicate one of the components is the vibrational mode at 740
cm-1 or 785 cm-1. Various combinations have been examined and the
combinations can be
1240 cm-1 = 740 cm-1 + 500 cm-1
1325 cm-1 = 740 cm-1 + 585 cm-1
The vibrational mode at 500 cm-1 could be shifted 30 cm-1 from the IR-inactive
vibrational mode at 530 cm-1, which comes from an out-of-plane bend of C–C
bonds with Au symmetry69. The vibrational mode at 585 cm-1 could be shifted 40
cm-1 from the IR-inactive vibrational mode at 625 cm-1, which come from an outof-plane bend of C–C bonds with B2g symmetry11,64. There exists no report of
the present combinations. However, the combination bands in the past reports
for perylene64,67 can be described as combinations between IR-active out-of-
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plane modes of B3u symmetry and IR-inactive out-of-plane modes of Au or B2g
symmetry11,68,69. The proposed combination bands are tentative and need to be
confirmed from RAIRS measurements of deuterated perylene.
Table 3-1. Vibrational frequencies in the IR spectra for perylene on the Cu(110) surface
from the present measurements in comparison with experimental data and theoretical
calculations from past reports.
Symmetrya,h

Reported Experimental
IR Frequencies (cm-1)

Modeb,h

Crystalc Filmd

Au
--

11

B3u
68,69

B1u

68,69

B1u

68,69

B3u
11

B3u

69

11

-Au
--

B1u

11

B3u
B1u
B2u

Sub-monolayer

Annealed

752

751

752

--

--

--

--

--

768

762

768

772

770

770

740

736
752

--

--

--

--

--

--

--

--

IP CCC Bend

790

791

791

791

793

--

--

--

IP CCC Bend

69

--

--

--

811

--

--

--

--

813

810

812

815

812

813

785

783
809

--

--

850

--

--

--

--

--

889

889

889

--

--

--

--

--

900

898

900

--

--

--

--

--

910

--

910

--

--

--

--

--

960

958

959

--

--

--

--

--

--

--

963

--

--

--

--

--

967

966

968

970

967

--

--

--

--

--

980

--

--

--

--

--

1042

1043

1042

1047

1043

--

--

--

1085

1086

1085

1088

1085

--

--

--

IP Vibration

11

OP CCH Bend
OP Vibration
67
Dimer

69

11

OP Vibration
67
Dimer
IP Vibration

11

11

IP Vibration

11

IP CC Stretch
68,69

Multilayer

69

OP CCH Bend
11

CS2g

69

-11

Arf

IP CCC Bend

OP CCH Bend

B1u

KBre

11

OP CCC Bend

B2u

Au
--

OP Vibration
67
Dimer

Perylene on the Cu(110) Surface
IR Frequencies (cm-1)

69

B1u
11
B2u

IP CC Stretch
11
IP Vibration

B2u

IP CCH Bend

1127

1126

1127

1131

1128

--

--

--

67

1137

1137

1137

--

--

--

--

--

1150

1150

1151

1150

1157

--

--

--

1187

1187

1187

1186

1183

--

--

--

1211

1210

1211

--

1214

--

--

--

1217

1216

1217

1216

--

--

--

--

--

--

--

--

--

--

1240

1238

IP CC Stretch

1281

1281

1281

1279

1280

--

--

--

11

1288

1287

1288

1288

1288

--

--

--

--

--

--

1295

--

--

--

--

--

Dimer

B1u

IP CCH Bend

B2u

68,69

B2u
--

11,69

IP CCH Bend

69

IP CCH Bend
67
Dimer

11,69

B1u

IP CCH Bend

--

--

B2u
B1u
--

11

IP Vibration
--

78

--

Dimer

--

--

B2u

67

1325

1325

1325

--

1325

--

--

--

--

--

--

--

--

--

1325

1320

IP CC Stretch

1333

1332

1333

1335

1333

--

--

--

B1u

IP CC Stretch

--

1367

1367

--

1367

--

--

--

--

--

1375

1373

1378

1374

1372

--

--

--

--

1382

1382

1385

1383

--

--

--

--

1392

1392

1396

1395

--

--

--

B1u
B1u

IP CC Stretch
69

IP CCH Bend

69

a

Symmetry of the IR-active fundamental modes of vibration for perylene in the planar
11,68,69
conformation
. Reference is not specified in cases when the reports are in agreement to
one another.
b
67
Interpretation as dimer mode in the report of Ding et al. ; refers to the distinct vibrations of
perylene dimer in the α-phase crystal. Vibrational motion is specified for each of the IR-active
11,69
fundamental modes
; IP: in-plane, OP: out-of-plane. Reference is not specified in cases
when the reports are in agreement to one another.
c
64
Single-crystal α-perylene .
d
67
1000-nm perylene film on Au(111) surface .
e
64
Perylene in KBr pellets .
f
65,66
Perylene molecules in argon matrix
.
g
64
Perylene in CS2 solution .
h
Assignment of symmetry and vibrational motion to experimental IR data based on comparison
11,68,69
with theoretical calculations
.
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Variation in IR Absorption Intensities with Coverage
The plot in Figure 3-4 shows the variation in RAIR absorption intensities
for the vibrational modes with time period of deposition hence coverage. The
vibrational modes at 740 cm-1, 785 cm-1, 1240 cm-1, and 1325 cm-1 of perylene
molecules with immediate metal contact increase the RAIR absorption
intensities over time in the initial period of deposition as molecules accumulate
on the surface. The maxima of RAIR absorption intensities for these modes
coincide with one another at a deposition time of about half an hour and should
correspond to monolayer saturation. Further deposition upon monolayer
saturation produces a slight drop in RAIR absorption intensities of these modes
whilst at the same time the IR absorption intensities at 770 cm-1 and 813 cm-1 in
the multilayer start to increase. The drop in RAIR absorption intensities in the
first monolayer could be due to intermolecular interactions between the first and
the second monolayer.
The RAIR absorption at 740 cm-1 seems weaker than the absorption at
785 cm-1 in the sub-monolayer regime whilst these RAIR absorptions seem to
become almost equal just prior to multilayer formation. The RAIR absorptions
for these bands relative to each other in the sub-monolayer regime are
somewhat consistent with those reported for the same vibrational modes in
isolated perylene molecules52,69. In contrast, the same vibrational modes but in
the multilayer at 770 cm-1 and 813 cm-1 come with opposite relations in terms of
IR absorption. The same trend has been reported for perylene on GaAs surface
in the sub-monolayer and the multilayer61. These observations suggest the
effect of intermolecular interaction manifests as a variation in absorption of
RAIR bands relative to one another67.
The RAIR absorption intensities at 770 cm-1 and 813 cm-1 in the
multilayer are almost constant after a deposition period of about two hours and
consistent in separate experiments. The explanation of the constant RAIR
absorption intensities can be constant coverage of the multilayer, which can be
traced to the condition of deposition as described below. The condition of
deposition can be determined from calculation of the pressure of the perylene
molecular beam over the surface based on the kinetic theory of gases. The first
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Complete Monolayer

Figure 3-4. Amount of decrease in reflectance with deposition time for the IR bands from
the real-time measurements in Figure 3-3.

approximation treats the molecular beam as an ideal gas; the molecular flux I
on the surface from the environment is expressed as72
p

I=

(3-1)

2π mk B T
Here p is the pressure, m is the mass of the molecule, kB is the Boltzmann’s

constant, and T is the temperature. m can be calculated from Avogadro’s
number and the molecular weight of perylene – which is 252.31 g mol-1 – and
has a value of 4.1898 x 10-25 kg. Perylene is emitted from an evaporator source
in common OMBD experiments at temperatures near or above 400 K
39,50,54,57,61

27,30,32,34–

(cf. melting temperature of perylene at 551 K 73). The value of I under

a sticking coefficient close to one for metal surfaces can be obtained from the
relation
n 0 = Iτ
(3-2)
where n0 is the molecular density on the surface at monolayer saturation and τ

is the time period needed for monolayer saturation. Close-packed perylene
molecules on a Cu(110) surface35 consist of one molecule in an area of 101.4
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Å2 so n0 has a value of 9.864 x 1017 m-2. The value of τ is estimated as 30
minutes (1800 s) based on the time period to reach the maxima of RAIR
absorption intensities for the vibrational modes of perylene molecules in direct
contact with the Cu surface. The calculated value for the pressure is therefore 7
x 10-8 Pa (7 x 10-10 mbar) and is consistent with the change of about 0.1 x 10-9 –
0.2 x 10-9 mbar in the ion-gauge measurement of the pressure within the
vacuum chamber when the status of deposition switches between on and off.
Moreover, the pressure could still be somewhat lower than the calculated value
as the temperature in the gas phase could drop from the evaporation
temperature upon adiabatic expansion of the molecular beam in the UHV
chamber. For comparison, the vapour pressure of solid-phase perylene at room
temperature is estimated as 10-8 – 10-7 Pa (10-10 – 10-9 mbar)56 based on
extrapolation of vapour pressure data73,74. In other words, the pressure of gasphase perylene in the molecular beam is about the estimated vapour pressure
of solid-phase perylene at room temperature. Growth of perylene on surfaces
requires supersaturation i.e. the pressure of gas-phase perylene over the
surface must exceed the equilibrium vapour pressure46. The reason for the
constant RAIR absorption intensities at 770 cm-1 and 813 cm-1 in the multilayer
regime therefore can be termination of growth under the state of equilibrium.
The rise in RAIR absorption intensities at 770 cm-1 and 813 cm-1 in the
multilayer is observed within a short period of time. The multilayer can be
estimated to consist of no more than equivalent to three monolayers based on
the time period needed for monolayer saturation, but the RAIR absorption
intensities for these bands in the multilayer are much greater than three times
those for the counterpart bands of the same vibrational modes at monolayer
saturation. However, a decrease in growth rate is expected upon monolayer
saturation as a saturated monolayer of perylene on metal surfaces can be
considered as an inert surface to deposition of perylene48,49,51. Indeed, the inert
character of the saturated monolayer as a surface to the multilayer is evident
from the absence of red shift for the RAIR bands of the multilayer. The main
reason for the rise in RAIR absorption intensities must be an increased
absorption coefficient of the molecules in the multilayer.
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IR Spectrum after Anneal Treatment
Figure 3-3 shows in green-coloured line the baseline-corrected spectrum
after anneal treatment of multilayer perylene at 450 K. The spectrum shows
RAIR bands at 736 cm-1, 752 cm-1, 783 cm-1, 809 cm-1, 1238 cm-1, and 1320
cm-1. The loss of the RAIR bands at 770 cm-1 and 813 cm-1 is consistent with
desorption of the multilayer31,54,61. CW group has demonstrated differences in
thermal stabilities between the monolayer and the multilayer31,54. The RAIR
bands at 736 cm-1, 783 cm-1, 1238 cm-1, and 1320 cm-1 possess frequencies
close to the respective vibrational modes at 740 cm-1 ( ∆υ 770cm −1 = 30 cm-1), 785
cm-1 ( ∆υ 813cm −1 = 28 cm-1), 1240 cm-1, and 1325 cm-1 of perylene molecules
deposited at room temperature in direct contact with the metal surface. These
RAIR bands must come from the same set of vibrations and therefore intact
perylene molecules in the first monolayer must remain on the surface after the
anneal treatment. The RAIR bands at 752 cm-1 and 809 cm-1 cannot find
identification other than from the same vibrational modes as those for the IR
bands at 736 cm-1 and 783 cm-1. The inherent high resolution of RAIRS is
known to be sensitive to different levels of molecule-substrate interaction70.
The two sets of red shifts for the same vibrational modes suggests
molecular adsorption into two different chemical environments – the RAIR
bands at 736 cm-1 ( ∆υ 770cm −1 = 34 cm-1) and 783 cm-1 ( ∆υ 813cm −1 = 30 cm-1) from
increased substrate-molecule interaction at one adsorption position whilst those
at 752 cm-1 ( ∆υ 770cm −1 = 18 cm-1) and 809 cm-1 ( ∆υ 813cm −1 = 4 cm-1) from
decreased substrate-molecule interaction at another. These facts are consistent
with the report from CW group on the transformation of saturated monolayers
into a commensurate (5x5) superstructure – the adsorption occurs in two
different sites on the adsorbate-induced reconstruction of the Cu(110)
surface31,55. Note ∆ υ 770 cm − 1 relates to the shifts in frequencies of the same
vibrational modes from 770 cm-1 whilst ∆υ 813 cm −1 relates to those from 813 cm-1.
The relative absorption intensities between the RAIR bands differ from
those between the respective bands of the same vibrational modes in the
saturated monolayer deposited at room temperature. The relative absorption
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intensities between the RAIR bands at 736 cm-1 and 783 cm-1 follow those of an
isolated free molecule of perylene for the same vibrational modes. The RAIR
absorption intensities at 1238 cm-1 seems to be stronger but the IR adsorption
at 1320 cm-1 is now much weaker. The changes in relative absorption
intensities could be related to possible reduction in intermolecular interaction
from

decrease

in

coverage

upon

superstructure31,55.
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transformation

into

the

(5x5)

3.4 STM Characterization of Perylene on the
Cu(110) Surface
STM measurements in the sub-monolayer show no image of perylene –
a manifestation of the mobile behaviour on metal surfaces26–35. Changes in
features of step edges from rough to smooth suggest suppression of Cu-atom
diffusion at these sites.
Figure 3-5 shows STM topographic images of a monolayer after a total
deposition time period of eight minutes. The STM images are centered at the
same location. The suppression of molecular diffusion permits resolution of
individual molecules. The 525 Å x 633 Å STM image in Figure 3-5a shows
domains of various well-ordered superstructures from a large perspective. Four
different superstructures are apparent and the respective unit cells are
designated as A in purple, B in blue, C in green, and D in yellow on the 206 Å x
250 Å STM image in Figure 3-5b.
Superstructures A and B consist of molecular chains in the <110>
direction. Both NR group and CW group have reported formation of molecular
chains in the same direction31,35,52,55. The domains of these superstructures are
connected to step edges and extend to the lower terrace of the step35,55 for a
length of up to 1400 Å. Figure 3-6 shows STM topographic images at the same
scale after a total deposition time period of 15 minutes. However, Figure 3-6a
shows more molecular-chain formations than Figure 3-6b. The amount of the
molecular-chain formations seems correlated with the amount of steps. Perhaps
the nucleation of molecular chain occurs at step edge. Another possible factor
to affect the formation of molecular chains is the direction of step edge. The
STM images in Figure 3-7 show no molecular chain extends from step edges
parallel to the <110> direction alone. The observation seems to suggest
nucleation of the molecular chains cannot occur for step edges in the <001>
direction.
Domains of superstructures C and D measure up to a size of 800 Å in
one dimension. In some cases however domains tend to extent in the direction
of one of the unit vectors as the domain boundaries follow the same direction as
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Figure 3-5. STM topographic images of perylene on a Cu(110) surface at monolayer
coverage after a total deposition time period of 8 minutes: (a) 525 Å x 633 Å image
measured at U = -1030 mV and I = 0.18 nA, corrected with calibration factors X = 1.050
and Y = 1.266 for 500 Å x 500 Å image scans; (b) 206 Å x 250 Å image measured at U = 1030 mV and I = 0.19 nA, corrected with calibration factors X = 1.031 and Y = 1.251 for 200
Å x 200 Å image scans.

shown in Figure 3-7a; the prevalence of the case is apparent from the large
perspective of 1500 Å x 1500 Å STM image in Figure 3-7b.
The monolayer of perylene was annealed to some temperature around
400 K, above the start of multilayer desorption. The absence of direct
temperature measurement of the sample in the experimental setup prohibited
measurement of temperature. The estimate of the temperature was based on
experience of the setup. The 1000 Å x 1000 Å STM image in Figure 3-8a shows
the anneal treatment caused transformation into a phase with almost perfect
and uniform order throughout the surface. The superstructure consists of
molecular chains in the <110> direction. The present work names the phase as
the temperature-induced uniform superstructure for ease of reference. The
high-resolution 206 Å x 206 Å close-up view in Figure 3-8b shows resemblance
of the superstructure with superstructure A of the monolayer prior to the anneal
treatment.
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Figure 3-6. 2000 Å x 2000 Å STM topographic images of perylene on a Cu(110) surface at
monolayer coverage after a total deposition time period of 15 minutes from two separate
experiments. The images are not post-calibrated to correct dimensions. STM
measurements were performed at: (a) U = -1633 mV and I = 0.22 nA; (b) U = -1250 mV and
I = 0.18 nA.

Further anneal treatment of the temperature-induced uniform phase at
temperature around 500 K leads to a disordered arrangement of molecules on
the Cu(110) surface as shown from the 525 Å x 633 Å STM image in Figure
3-9a. The STM images alone cannot be used to confirm whether the perylene
molecules are intact on the Cu(110) surface after the anneal treatment. A close
view from the 206 Å x 250 STM image in Figure 3-9b reveals some molecules
exhibit regular shapes whilst others exhibit unusual and irregular shapes in
comparison to the regular shape of perylene molecules observed so far. Some
of the molecules somehow form short molecular chains. These observations
could suggest partial decomposition and chemical-bond formations between
some perylene molecules. Indeed, the appearance of huge voids and gaps
between entities on the surface could be a consequence of extra spaces
created therefrom and partial desorption of perylene molecules. Recent report
has shown perylene molecules on Cu(110) surface can couple to one another
into oligomers from 595 K75.
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Figure 3-7. STM topographic images of perylene on a Cu(110) surface at monolayer
coverage: (a) 700 Å x 700 Å image measured at U = -1250 mV and I = 0.14 nA; (b) 1500 Å x
1500 Å image measured at U = -1277 mV and I = 0.13 nA. The images are not postcalibrated to correct dimensions.
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Figure 3-8. STM topographic images of perylene on a Cu(110) surface subsequent to
anneal treatment at some temperature around 400 K after monolayer saturation: (a) 1000
Å x 1000 Å image measured at U = -575 mV and I = 0.18 nA, not post-calibrated to correct
dimensions; (b) 206 Å x 206 Å image measured at U = -1130 mV and I = 0.10 nA, corrected
with calibration factors X = 1.031 and Y = 1.251 for 200 Å x 200 Å image scans.
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Figure 3-9. STM topographic images of perylene on a Cu(110) surface after anneal
treatment of the temperature-induced uniform phase at some temperature around 500 K:
(a) 525 Å x 633 Å image measured at U = -831 mV and I = 0.25 nA, corrected with
calibration factors X = 1.050 and Y = 1.266 for 500 Å x 500 Å image scans; (b) 206 Å x 250
Å image measured at U = -735 mV and I = 0.22 nA, corrected with calibration factors X =
1.031 and Y = 1.251 for 200 Å x 200 Å image scans.
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3.5 Commensurate (5x5) Superstructure of
Perylene on the Cu(110) Surface
Temperature-Induced Uniform Phase
The CW group has reported accurate identification of commensurate (5 x
5) superstructure as the main phase of perylene on Cu(110) surface upon
anneal treatment of saturated monolayer up to 450 K31. Agreement in twodimensional features and structural measurements identifies the present
temperature-induced uniform phase as shown in Figure 3-8 to be a monolayer
of the commensurate (5 x 5) superstructure. The observation of multilayer
desorption upon anneal treatment at elevated temperatures from the RAIRS
measurements supports the assertion that the superstructure occurs as a
monolayer phase31,54,61.
The present STM measurements demonstrate possible resolution of submolecular features despite considerable atomic-scale vibrations at room
temperature. Figure 3-10 shows sub-molecular resolution for the temperatureinduced uniform phase; the inset shows the spatial distribution of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbitals (LUMO) of perylene. The consistent appearance at different image
sizes shows the sub-molecular features are real and not mere artefacts. The
negative bias potential applied to the sample in the STM measurements
suggests the sub-molecular features come from the occupied molecular orbitals
of perylene. Indeed, the sub-molecular features can be compared with the
spatial distribution of the HOMO, and also with the calculated partial charge
density of perylene on Ag(110) surface39. CW group has presented submolecular resolution of the spatial distribution of the LUMO of perylene in the (5
x 5) superstructure from low-temperature STM measurements52,55. The dark
regions in-between the visible bright molecular chains of perylene molecules
possess a certain amount of image contrast and resolution to suggest the
presence of another set of molecular chains positioned in-phase to the other.
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Figure 3-10. STM topographic image of perylene on a Cu(110) surface after anneal
treatment of saturated monolayer at some temperature around 400 K: (a) 79 Å x 87 Å
image measured at U = -478 mV and I = 0.20 nA, corrected with calibration factors X =
1.129 and Y = 1.241 for 70 Å x 70 Å image scans; (b) 206 Å x 226 Å image measured at U =
-524 mV and I = 0.16 nA, corrected with calibration factors X = 1.031 and Y = 1.251 for 200
Å x 200 Å image scans. Inset in (a) shows the spatial distribution of the HOMO and the
52
LUMO of perylene (adapted from reference ).
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2D Geometrical Model
A method of analysis to complement the limitation in spatial resolution of
STM towards elucidation of molecular superstructure at well-defined surface is
the use of models to reproduce spatial observations and access further
information. The first approximation to the spatial observation is the creation of
a simple but precise geometrical representation without sophisticated
theoretical calculation. The basic starting point is knowledge of the
superstructure unit cell, the molecular structure, the van der Waals dimensions
of the molecule, and the structure of the substrate.
Perylene is a simple case because the molecular structure is rigid and
planar. The molecule has rectangular shape with van der Waals dimensions of
11.3 Å x 8.7 Å parallel to the axes of symmetry in the plane of the molecule31,52.
The molecular structure is known from reports of XRD analysis76. Adsorption at
metal surfaces in flat-down orientation almost preserves the molecular structure
so the creation of geometrical models can proceed in two dimensions. The
structure of Cu(110) surface can be established from the known crystal
structure of Cu.
CW group has proposed adsorbate-induced reconstruction of the
Cu(110) surface for the commensurate (5 x 5) superstructure55. Here the
presence of dark and bright channels parallel to the <100> direction in the STM
images for the commensurate (5 x 5) superstructure cannot find explanation in
the context of a monolayer phase other than an effect of adsorbate-induced
reconstruction of the Cu(110) surface. For the model to match the features and
the unit cell of the commensurate (5 x 5) superstructure from the STM images,
one therefore leads to the same proposal of the CW group as shown in Figure
3-11. The inset shows a side view of the perylene-induced reconstruction. The
need for an anneal treatment at elevated temperature to transform the
monolayer into a uniform commensurate (5x5) superstructure supports the
existence of adsorbate-induced surface reconstruction as some activation
barrier must be overcome to displace Cu atoms on the surface. The blackcoloured skeleton represents the molecular structure of perylene. The contour
of the molecule corresponds to the van der Waals radius of the peripheral
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Figure 3-11. (a) 2D geometrical model of the commensurate (5x5) superstructure of
55
perylene on a Cu(110) surface in agreement with STM measurements . The structure of
the Cu(110) surface shows perylene-induced surface reconstruction into a periodic
pattern of upper and lower terraces. Yellow-coloured solid circles represent Cu atoms on
the close-packed rows at upper terraces whereas orange-coloured solid circles represent
those at lower terraces. The black skeleton shows the molecular structure of perylene.
The contour of the grey-coloured shade around the skeleton outlines the shape of the
molecule based on the border line between van der Waals repulsion and attraction. The
purple-coloured rectangular frame indicates the unit cell. (b) Side view of the peryleneinduced surface reconstruction.

hydrogen atoms. The rectangular frame in purple colour outlines the unit cell.
The molecules at the corners of the unit cell correspond to the bright protrusions
in the STM images. Note the periodic surface reconstruction and the closepacked organization of molecules cannot exist together for the superstructure
unless there exists a strict 5-fold commensurate relation in the <100> direction.
Moreover, the strict 5-fold commensurate relation in the <110> direction stems
from the close-packed periodic location of molecules at equivalent adsorption
sites on the molecular chains.
The model of the surface reconstruction in Figure 3-11 shows periodic
formation of upper and lower terraces whose narrow widths allow no more than
an entire footprint of a perylene molecule to be in full contact with the metal
surface. The height separation between adjacent terraces is equivalent to a
monatomic step on the Cu(110) surface. The adsorbate-induced surface
reconstruction can be appreciated as favourable when the synergetic factors of
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Steric Overlap
Figure 3-12. Models of perylene-molecule adsorption whose molecular centers are
positioned on: (a) the short-bridge site and (b) the atop site on the lower terrace of the
Cu(110) surface reconstruction.

match in both dimensions and symmetries between the structures of the
perylene molecule and the Cu(110) surface combine together to produce the
effect. Each terrace consists of three rows of closed-packed Cu atoms on the
top-most layer so the adsorption of a perylene molecule somewhere at the
center of these rows would preserve mirror plane on the long molecular axis.
Moreover, the surface reconstruction provides a close-packed organization of
molecules whilst the molecule-substrate interaction is maximized. Suppose the
surface reconstruction does not occur, then the same molecular arrangement
requires adsorption of half the population centered on the lower close-packed
row of Cu atoms. However, a non-reconstructed Cu(110) surface can not
explain the observations for the commensurate (5x5) superstructure. Hence, the
model of the surface reconstruction suggests a far more favourable state of
adsorption can be achieved when centered on the upper close-packed atomic
row than on the lower close-packed atomic row despite the cost of surface
reconstruction.
The possible range of adsorption sites for the center of perylene
molecule can be reduced to positions between the atop site and the bridge site
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at the top-most layer of Cu atoms on the surface. Adsorption at the atop site
and the bridge site preserve the two-fold symmetry of both the perylene
molecule and the Cu(110) surface, and therefore are expected to lead to the
highest adsorption energies55.
Models of adsorption at the atop site and at the bridge site on the lower
terrace of the reconstruction are shown in Figure 3-12. Close inspection of
these models reveals adsorption on the lower terrace of the reconstruction
leads to some overlap of the van der Waals radius of the peripheral hydrogen
atoms with the atomic spheres of the Cu atoms in the upper terraces of the
surface reconstruction, except for adsorption at the bridge site as in Figure
3-12a. The largest overlap occurs for adsorption at the atop site as can be seen
in Figure 3-12b; one location of the overlap is indicated with an arrow. At the
bridge site, the interspersed arrangement between the C–H bonds at the long
edge of the molecule and the peripheral Cu atoms avoids overlap. The overlap
suggests some repulsion from steric hindrance exists. The model for the
commensurate (5 x 5) superstructure in Figure 3-11 therefore positions the
perylene molecules on the lower terrace of the reconstruction at the bridge site.
Molecules on the upper terraces are positioned at the atop site to
become in-phase with the molecules at the bridge site on the lower terraces.
Adsorption must be much more favourable at the atop site than at the bridge
site, otherwise the molecular chains on the upper terraces of the surface
reconstruction would not demonstrate in-phase position relative to those on the
lower terraces. The reactive site of perylene molecule which forms a chemical
bond with Ag(111) surface has been reported to be located on the central
carbon ring of the molecule27; suppose the same is true for perylene on Cu(110)
surface, then adsorption at the atop site therefore must enable the shortest
bond length and the strongest bond between the molecule and the surface
atom. Indeed, theoretical calculation of perylene on a Cu(100) surface has
reported the atop site more favourable than the bridge site30.
The considerations made so far suggest the model in Figure 3-11
corresponds to the most favourable adsorption configuration. Hence the
commensurate (5 x 5) superstructure must be a thermodynamic phase.
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The existence of the two different adsorption configurations is consistent
with the RAIRS measurements for perylene on the Cu(110) surface after anneal
treatment. The extent of red shift in the vibrational frequencies for the same
vibrational mode must depend on the amount of molecule-substrate interaction.
The set of prominent RAIR bands at 736 cm-1 and 783 cm-1 could correspond to
the more-favourable adsorption at the atop site on the upper terraces of the
surface reconstruction whilst the other set of prominent RAIR bands at 752 cm-1
and 809 cm-1 could correspond to the less-favourable adsorption at the bridge
site on the lower terraces of the surface reconstruction. However, these
associations remain to be confirmed from theoretical calculations.
Preference for adsorption at the atop site alone cannot be supposed to
impose in-phase formation of molecular chains in a commensurate (5 x 5)
superstructure. Moreover, the van der Waals interaction between flat-down
perylene molecules in the same plane must be too weak to predispose order in
two dimensions as suggested from the mobile behaviour in sub-monolayer
coverage and the reported intermolecular interaction whose magnitude is
comparable to the thermal activation at room temperature based on theoretical
calculations35,43. The existence of repulsion from steric hindrance is plausible as
a means of interaction to force adsorption at the bridge site on the lower
terraces despite the more-favourable atop adsorption site. However, even the
mechanism of repulsion to lock adsorption at the bridge site on the lower
terraces and the preference for adsorption at the atop site on the upper terraces
together cannot suppose to impose the dominance and the almost perfect order
of commensurate (5 x 5) superstructure in the temperature-induced uniform
phase. Possible adsorption at the atop sites and at the bridge sites other than
those depicted in Figure 3-11 would lead to deviation from in-phase formation of
molecular chains. These considerations point to the presence of another
interaction at work. Perhaps the peripheral C–H bonds of perylene lock together
between molecules in adjacent molecular chains34.
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Superstructure A
The STM measurements for Superstructure A in Figure 3-5 describe the
(5 x 5) superstructure. However, the image resolution does not provide direct
evidence for the number, arrangement, and orientation of perylene molecules
within one unit cell. The unit cell for superstructure A permits accommodation of
up to two perylene molecules based on the van der Waals dimensions.
Moreover, the hole in region h enclosed with dashed line in Figure 3-5a shows
clear presence of molecules at lower height level comparable to the height level
of the dark regions in-between the visible bright molecular chains in the <110>
direction. A question emerges whether perylene molecules are present in these
dark regions. Measurement scans of height profiles at certain positions of
superstructure A are of interest. Dashed lines indicated as i, ii, and iii in Figure
3-5b are the representative scan lines; the height profiles are shown in Figure
3-13. The pattern of protrusion and depression with a height difference of up to
0.9 ± 0.1 Å for scan line i reflects the presence of molecules. A pattern of
protrusion and depression but less pronounced is also apparent for scan line ii
with a height difference of up to 0.5 ± 0.1 Å. The periodicities of the patterns
and the widths of the protrusions coincide between scan lines i and ii. These
facts suggest the dark regions include molecules in the same phase and in the
same orientation as those in the visible bright top-most molecular chains55. The
height profile for scan line iii across the dark and the bright regions shows a
height difference of up to 1.3 ± 0.2 Å, in agreement with the calculated height of
1.276-Å for mono-atomic steps on the Cu(110) surface55. The STM image in
Figure 3-14a provides a better view of the dark regions to suggest indeed the
presence of molecules therein. Further evidence is the remarkable appearance
and resolution of some molecular chains next to bright molecular chains in the
dark region indicated as g on the STM image in Figure 3-14b.
A blown-up image of a single protrusion in superstructure A is shown in
Figure 3-15. The image is a 20 Å x 20 Å cropped reproduction of region j
enclosed with a dashed line in Figure 3-5b. The general shape and size of the
protrusion possesses some agreement with the rectangular feature and planar
dimensions of perylene molecules so each protrusion can be associated with a
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Figure 3-14. Height profiles to the scan lines i, ii, iii in Figure 3-5b. The height profiles are
acquired from the STM image subsequent to application of image-smoothening process
78
using the SPM-image analysis software WSxM to reduce sharp changes from noise .
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Figure 3-13. 311 Å x 377 Å STM topographic images of perylene on a Cu(110) surface at
monolayer coverage after a total deposition time period of 8 minutes. Image dimensions
are corrected using calibration factors X = 1.037 and Y = 1.256 for 300 Å x 300 Å image
scans. STM measurements were performed at (a) U = -758 mV and I = 0.12 nA, (b) U = 1062 mV and I = 0.12 nA.
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Figure 3-15. 20 Å x 20 Å cropped reproduction of the region enclosed with dashed line
and indicated as j on the STM image in Figure 3-5b to focus on a single rectangular
protrusion in superstructure A. The image is presented at high image contrast
subsequent to application of image-smoothening process to provide better general
impression of the shape of the protrusion.

molecule of perylene in the flat-down orientation. The orientation of the
rectangular protrusion shows the high-symmetry axes of the perylene molecule
match the high-symmetry axes of the Cu(110) surface. However, the absolute
orientation – whether the long molecular axis is in the <110> or <100> direction
– can not be ascertained from the image resolution and from the aspect ratio of
the rectangular protrusion.
NR group has proposed formation of molecular chains as in Figure 3-5 –
Figure 3-6 to be an initial development of a multilayer structure35. However, the
outcome of the analysis for superstructure A points to the commensurate (5 x 5)
superstructure31. The occurrence of molecular chains connected to step edges
could suggest the mobile nature of Cu atoms at steps enables the adsorbateinduced surface reconstruction despite at room temperature but of limited
extent.

99

3.6 Commensurate (8x5) Superstructure of
Perylene on the Cu(110) Surface
The STM images in Figure 3-5 show a seamless coexistence between
superstructure B and superstructure A without domain boundaries at the
interface to separate them. The protrusions located at the corners of the
rectangular blue-colored unit cell for superstructure B in Figure 3-5b are shared
between the two superstructures at the interface. Then superstructure B in
common with superstructure A based on the proposed model for the
commensurate (5x5) superstructure must be a commensurate superstructure in
the monolayer, must include the adsorbate-induced reconstruction of the
Cu(110) surface, and must position molecules at the atop sites and at the
bridge sites.
The rectangular protrusions located at the center of the long edges of the
unit cell are longer in the <001> direction and distinct from those on the
corners. A blown-up image of the protrusion is shown in Figure 3-16. The image
is a 25 Å x 25 Å cropped reproduction of region k enclosed with a dashed line in
Figure 3-5b. The protrusion can be associated with one perylene molecule in
flat-down orientation with the long molecular axis in the <001> direction on the
basis of the rectangular shape, dimensions, and orientation. The molecular
orientation is reasonable from the preservation of the two-fold symmetry of both
the perylene molecule and the Cu(110) surface but must be a meta-stable state
based on the limited occurrence. The two different protrusions in superstructure
B provides comparison between perylene molecules at perpendicular
orientation to each other and therefore supports the molecular orientation
proposed for superstructure A.
The proposed 2D geometrical model for superstructure B is the
commensurate (8x5) superstructure shown in Figure 3-17, which allows the unit
cell to accommodate compact adsorption of three non-equivalent molecules at
the atop sites without overlap between molecules, but leaves bare Cu(110)
surface in the local area at the center of the unit cell. However, the lack of an
adsorbed molecule at the center of the unit cell should lead to an absence of
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Figure 3-16. 25 Å x 25 Å cropped reproduction of the region enclosed with dashed line
and indicated as k on the STM image in Figure 3-5b to focus on a single rectangular
protrusion in superstructure B. The image is presented at high image contrast
subsequent to application of an image-smoothening process to provide better general
impression of the shape of the protrusion.

adsorbate-induced surface reconstruction in the local area but must be
favorable towards increased metal-surface contact for the molecule whose long
molecular axis is oriented in the <001> direction. On the other hand, the
molecular orientation in the <001> direction could be the means to preserve the
two-fold symmetry of both the perylene molecule and the Cu(110) surface in the
absence of the adsorbate-induced surface reconstruction in the commensurate
(5x5) superstructure.
Superstructure B resembles the centered orthorhombic crystal of
perylene on Cu(110) surface in the report from NR group based on comparison
of STM images. Both structures are 8-fold commensurate in the <110>
direction. However, the measurements of the unit cells in the <001> direction
are about 1 Å off from each other and the details of interpretation are in
essence distinct from each other – in particular, the present superstructure is
proposed in a monolayer as opposed to a multilayer52.
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Figure 3-17. Model of commensurate (8x5) superstructure consisting of three nonequivalent perylene molecules in the unit cell. Explanations of the schematic
representations are similar to those in Figure 3-11.
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3.7 Commensurate Chiral Superstructures of
Perylene on the Cu(110) Surface
Superstructures C and D can be described in two-dimensional lattices
with structural parameters
3 m 2 


1 ± 3 
in the matrix notation. The two sets of lattice on the surface are non-identical
mirror images of each other, hence enantiomorphs. Formation of equivalent
enantiomorphs of molecular superstructures on (110)-oriented metal surfaces is
a well-known chiral phenomenon as an expression of the two-fold symmetry of
the surface underneath the superstructure77. NR group has reported formation
of a set of chiral superstructures at 450 K with the same combinations of
structural parameters but in distinct order35.
The commensurate character of the lattices means a preference of
perylene molecule for adsorption at a particular site on the surface. The
adsorption site for the center of the perylene molecule is postulated to be at the
atop site. The model-based analysis for the commensurate (5x5) superstructure
in section 3.5 deduces a preference for adsorption at the atop site. Moreover,
the RAIR bands at 740 cm-1 ( ∆υ 770cm −1 = 30 cm-1) and 785 cm-1 ( ∆υ 813cm −1 = 28
cm-1) from the deposition on the substrate at room temperature could perhaps
also pertain to adsorption at the atop site. Recall section 3.5 notes the RAIR
bands of the same set of vibrational modes at 736 cm-1 ( ∆υ 770cm −1 = 34 cm-1) and
783 cm-1 ( ∆υ 813cm −1 = 30 cm-1) could correspond to adsorption at the atop site.
The amounts of red shift are almost equal between the two sets of RAIR bands
to indicate comparable molecule-substrate interactions; the differences could
perhaps come from mere difference in molecular orientation.
The molecular orientations are not apparent from the shape of the
molecules in the STM measurements. The possible molecular orientations can
be deduced from creation of 2D geometrical models. The molecular models
avoid mutual overlap in the two-dimensional lattices for superstructures C and D
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Figure 3-18. Models of superstructures based on the commensurate two-dimensional
lattices for superstructure C and D.

just when the long molecular axis is about ±82° from the <110> direction. The
superstructure models based on these molecular orientations and the twodimensional lattices are shown in Figure 3-18. The model on the left side under
the green-coloured unit cell corresponds to the matrix notation
3 − 2 


3 
1
whilst the model on the right side under the yellow-coloured unit cell
corresponds to the matrix notation
2
3


1 − 3 
No other molecular orientation shows the distinct space gap at the center of four
perylene molecules to be consistent with the STM topographic depression at
the center of four protrusions on the corners of the unit cells indicated for
superstructures C and D in Figure 3-5b. The long molecular axes are noted to
be close to the <001> direction – just rotated ±8°. The molecules could be
predisposed towards orientation in the <001> direction to preserve the two-fold
symmetry of both the perylene molecule and the Cu(110) surface in the
absence of the adsorbate-induced surface reconstruction in the commensurate
(5x5) superstructure.
The 311 Å x 377 Å STM image in Figure 3-19 shows close view of the
actual superstructures. Close inspection of superstructures C and D from the
STM measurements shows the actual superstructures deviate from the
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Figure 3-19. 311 Å x 377 Å STM topographic image of perylene on a Cu(110) surface at
monolayer coverage. Image dimensions are corrected using calibration factors X = 1.037
and Y = 1.256 for 300 Å x 300 Å image scans. STM measurements were performed at U = 1201 mV and I = 0.13 nA.

superstructure models in Figure 3-18. The possible reason for the deviation
could be intermolecular repulsion as can be seen from the close contact with
subtle overlap between the molecules in the superstructure models – hence the
superstructure models are somewhat too compact. The actual superstructures
can be seen as some random pattern of monomeric, dimeric, trimeric, and
tetrameric molecular rows interspersed with monomeric molecular rows of
another form. However, the monomeric and the dimeric molecular rows appear
often in succession whilst the trimeric and the tetrameric molecular rows seldom
appear, so in effect the monolayer develops periodic order in two dimensions
over some distance.
The actual superstructures can be described as combinations between
the basic frameworks from the superstructure models in Figure 3-18 and
perturbations from two forms of deviations. One form of deviation can be seen
as displacement of an entire portion of the superstructure from the continuous
periodic framework of the two-dimensional lattice, and is indicated with dashed
line u between two molecular rows in Figure 3-5 and Figure 3-19. The form of
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Figure 3-20. Models of the form of deviation described as shift in position of one portion
of the superstructure from another portion in the <001> direction.

deviation manifests in formation of dimeric, trimeric, and tetrameric molecular
rows in the direction of unit vector bC for superstructure C and in the direction of
unit vector bD for superstructure D. In other words, the formation of dimeric,
trimeric, and tetrameric molecular rows can be viewed as deviations in the basic
framework of the superstructure. The form of deviation can be described as an
outcome of a shift in position of one portion of the superstructure from another
portion in one or two units of interatomic Cu distance in the <001> direction
from the models in Figure 3-20. The models correspond to the least possible
amount of space between molecules at the defect location to be consistent with
the close contact between molecules in the actual superstructures and the
close-packed nature of the monolayer whilst adsorption remains at the atop site.
The creation of space between molecules at the defect location could be a
mechanism

to

relieve

possible

intermolecular

compression in the monolayer.
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Figure 3-21. Models of the form of deviation described as uniform molecular meta-stable
orientation at ±39° in an entire molecular row in the direction of bC in superstructure C
and bD in superstructure D.

The other form of deviation can be seen as a uniform meta-stable
orientation of molecules in an entire molecular row in the direction of unit vector
bC for superstructure C and in the direction of unit vector bD for superstructure
D, and is indicated with dashed line w on molecular row in Figure 3-5 and
Figure 3-19. The distinction of molecular orientations can be made upon
comparison of shape or orientation of the protrusions between adjacent
molecular rows. Moreover, the molecular rows of meta-stable orientation are
somewhat dark in the shade of image contrast compared to the molecular rows
of the proper molecular orientation at ±82°. The meta-stable orientation can be
described as the long molecular axis about ±39° from the <110> direction to
have the least amount of steric overlap between molecular models whilst the
continuous periodic framework of the two-dimensional lattice is preserved as
shown in Figure 3-21. Close inspection shows the STM measurements
somewhat resemble the models in relation to some features of the molecular
orientations. The existence of the meta-stable orientation could show a
predisposition towards a centered superposition of aromatic nuclei atop Cu
atoms at ±30° as shown in Figure 3-22. The meta-stable orientation appears in
the monomeric molecular rows interposed between monomeric, dimeric,
trimeric, and tetrameric rows of molecules at ±82° orientation. Exploration of the
models shows an appearance of the meta-stable orientation in consecutive
molecular rows next to each other could be unfavourable as adsorption at the

107

Figure 3-22. Models to show the molecular orientation at ±30° could be favourable as the
aromatic nuclei of perylene are centered atop Cu atoms.

long-bridge site happens from the second molecular row for a close-packed
monolayer; indeed, the case is never observed.
The models for one of the most common cases in the actual
superstructures for superstructures C and D are shown in Figure 3-23 to
illustrate the concept of the superstructures as combination between the basic
framework from the superstructure models in Figure 3-18 and the perturbations
from the two forms of deviations. The models are composed of the monomeric
molecular rows of the molecular meta-stable orientation at ±39° interposed
between the dimeric molecular rows of the proper molecular orientation at ±82°.
The two-dimensional lattices are continuous until the appearance of the dimeric
molecular rows. The formation of superstructures C and D can seem to be
understood as a complex combination of various factors: the close-packed
nature of the monolayer, the preference for one specific adsorption site, the
competition between the two different molecular orientations, and the
disposition in the two-dimensional lattices due to relaxation of intermolecular
repulsion.
Domain boundaries are present between adjacent domains of the same
enantiomorph as indicated with dashed line v in Figure 3-19. The domain
boundaries can be described as an outcome of a shift in position of one portion
of the superstructure from another portion in one or two units of the interatomic
Cu distance in the <110> direction from the illustrations in Figure 3-24. The
defect leads to noticeable space between molecules at the domain boundaries,
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in contrast to the almost no adjustment in space between molecules for the first
form of deviation i.e. shift in relative positions between portions of the
superstructure in the <001> direction.
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Figure 3-23. Models to represent superstructures C and D as combination between the basic framework from perfect commensurate
superstructure model and the perturbation from two forms of defect. The basic framework refers to molecules at ±82° orientation in the twodimensional lattices indicated with green and yellow frames. The two forms of defect refer to the disruption in the two-dimensional lattices at
the formation of dimeric molecular rows and to the molecular misorientation at ±39° in an entire molecular row. The misorientation defect
never appears in consecutive molecular rows next to each other so at least one molecular row of the proper molecular orientation at ±82°
must separate monomeric molecular rows of the misorientation defect.
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Figure 3-24. Models to describe domain boundaries between adjacent domains of the
same enantiomorph as outcome of shift in position of one portion of the superstructure
from another portion in the <110> direction.
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3.8 Conclusion to Perylene on the Cu(110)
Surface
RAIRS measurements demonstrate the molecule-substrate interaction as
red shifts in vibrational frequencies for perylene molecules in direct contact with
the Cu(110) surface. Termination of growth under deposition condition close to
equilibrium explains the almost constant RAIR absorption intensities of the
multilayer after coverage of about 3 ML. Anneal treatment at about 450 K leads
to multilayer desorption and two sets of red shift in vibrational frequencies for
the monolayer. STM measurements demonstrate four superstructures in the
monolayer for deposition on the substrate at room temperature. The monolayer
transforms into an almost uniform phase of commensurate (5x5) superstructure
on the entire surface upon anneal treatment at about 400 K. 2D geometrical
models complement some information from the STM measurements. Two of the
superstructures occur as molecular chains of commensurate (5x5) and (8x5)
superstructures in continuous coexistence over some limited distance from step
edges towards the <110> direction. The (8x5) superstructure resembles the
two-dimensional structure of the novel epitaxial multilayer in the report of NR
group52. The other two superstructures are enantiomorphs and dominate the
monolayer. The enantiomorphs are described as superstructures based on
combinations between basic frameworks of commensurate superstructure
models and perturbations from two forms of deviation – in particular, molecular
meta-stable orientation in an entire molecular row and displacement of one
portion of the commensurate two-dimensional lattice in the <001> direction. In
effect, the superstructures are composed of monomeric molecular rows of
molecular orientation at ±39° interposed between monomeric, dimeric, trimeric,
and tetrameric molecular rows of molecular orientation at ±82°. The model for
the commensurate (5x5) superstructure points to adsorption on two different
sites, one at the atop site whilst the other at the short-bridge site, and is
consistent with the two sets of red shifts in vibrational frequencies from RAIRS
measurements. In contrast, the RAIRS measurements up to the monolayer from
deposition on the substrate at room temperature show just one set of red shift
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and is consistent with commensurate adsorption at the atop site for the chiral
superstructure models.
Prospects for further work on perylene on Cu(110) surface can include
verification

of

the

red-shifts

in

vibrational

frequencies

from

RAIRS

measurements of deuterated perylene on Cu(110) surface and theoretical
studies of the proposed models for the (5x5), (8x5), and commensurate chiral
superstructures to explore the intricate details, and the intermolecular and
molecule-substrate interactions. Moreover, the theoretical studies could
perhaps support the RAIRS measurements.
,
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Chapter 4
Structural Characterization of Graphene on
Cu(110) Surface Based on Thermal
Decomposition of Perylene
This chapter presents the outcome of experiments in graphene formation
based on thermal decomposition of perylene. The first section explains the
electron diffraction pattern of graphene formation at high growth temperatures.
The second section shows real-space pictures of graphene formation at high
growth temperatures and describes the Moiré superstructures of graphene on
Cu(110) surface based on simple two-dimensional models. A statistical
distribution of epitaxial orientation in the graphene overlayer is presented from a
number of graphene domains whose Moiré patterns are visible in STM data.
The last section describes graphene formation at low growth temperatures.
Graphene formation at low and high growth temperatures are compared and the
possible mechanisms of formation are discussed.

4.1 LEED Characterization of Epitaxial Graphene
on the Cu(110) Surface
Direct Inspection of the LEED Pattern
Simple inspection of a LEED pattern has been shown to be a means to
recognize the presence of graphene on a substrate1–21. LEED measurements
were performed to test for graphene formation on the Cu(110) surface after
thermal decomposition of perylene on the surface at 1250 K in experimental
setup 1. Figure 4-1a shows the outcome of first-order diffraction for electron
beam energy of 68 eV. The diffraction takes the form of a quasi-circular pattern
of arcs, a hexagonal pattern of 12 sharp spots in pair-wise arrangement, and a
rectangular pattern of 8 sharp spots. Four of the sharp spots in rectangular
arrangement are somewhat coincident with four of the 12 sharp spots in
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a

b

Figure 4-1. LEED pattern measured with electron beam at energy of 68 eV after an
attempt to prepare an overlayer of graphene on Cu(110) surface through thermal
decomposition of perylene on the surface at 1250 K.

hexagonal arrangement so these particular four spots appear broader and more
intense. The set of 8 sharp spots in the rectangular arrangement are highlighted
with green circles in Figure 4-1b and are known beforehand to have come from
the structure of the Cu(110) surface. The rectangular arrangement is consistent
with the two-dimensional lattice of the Cu(110) surface. The set of 12 sharp
spots in the hexagonal arrangement are indicated in Figure 4-1b with circles in
red and blue colour in order to distinguish the components in each pair of spots.
The quasi-circular pattern is superimposed with a dashed circle in yellow colour.
Adjustment of electron beam to higher energies was made to observe the
pattern from high-order diffraction; the phenomenon revealed more spots for the
rectangular pattern but lost the circular and hexagonal pattern without formation
of other features. The investigation of structure formation on the Cu(110)
surface is therefore limited to first-order diffraction phenomenon. Similar LEED
patterns were obtained from repeated experiments.
The evidence for the presence of a superstructure on the Cu(110)
surface is the formation of the hexagonal pattern of sharp spots and the quasicircular pattern of arcs. Both of these patterns are positioned the same distance
from the centre of the diffraction pattern, possess hexagonal symmetry, and
maintain the mirror symmetry of the rectangular diffraction pattern from the
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Cu(110) surface. Hexagonal symmetry in diffraction patterns reflects hexagonal
order in long-range periodic structures. In general, a hexagonal structure at one
epitaxial orientation causes a diffraction pattern composed of six sharp spots.
The 12 sharp diffraction spots in the hexagonal pattern suggest the presence of
a hexagonal structure at two different but symmetrical epitaxial orientations. The
quasi-circular pattern is often observed from a distribution of rotational disorder
in the hexagonal structures at other epitaxial orientations1. Rotational disorder
of graphite sheets in HOPG is well-known to produce circular diffraction pattern
in LEED measurements. Moreover, graphene on metal surfaces is known to
form circular and hexagonal diffraction patterns1–21.
Accurate analysis of the LEED pattern through direct measurement on
the image is hampered due to the presence of distortion. Direct measurements
of distances and angular orientations on the pattern produce inconsistent values
for equivalent diffraction spots. The distortion in the LEED pattern comes from
improper location of the sample from the LEED optics and from improper
position and orientation of the camera towards the LEED optics. Nonetheless,
measurement of distances on a LEED pattern can be used to estimate the realspace periodic dimensions of a structure based on known diffraction spots as
the reference. LEED patterns can be considered as a reproduction of the 2D
reciprocal lattices for ordered surface structures. The ratio between the distance
to the Cu(110)-surface diffraction spots from the center of the LEED pattern and
the distance to the points equivalent to these diffraction spots in reciprocal
space can be used as a conversion factor between the LEED measurements
and the reciprocal space. An average value of 2.93 Å-1 for the magnitudes of
the fundamental translation vectors in reciprocal space is found equivalent to
the measurement of the distance to the hexagonal diffraction patterns from the
centre. Then the lattice constant of the hexagonal structure upon calculation
from the basic relation between the fundamental translation vectors aGr*, bGr* in
reciprocal space and the fundamental translation vectors aGr, bGr in real
space22 is 2.48 Å, which agrees well with the honeycomb structure of graphene.

123

Model to the LEED Pattern
Another approach to the analysis of the LEED pattern is the creation of
reciprocal lattice models and subsequent comparison with those from the
observations. Such an approach however can not be done without an initial
assumption for the presence of particular structures involved in the diffraction
phenomenon. The model for the diffraction pattern can start with the
assumption of the presence of graphene on the Cu(110) surface. Graphene is
modeled based on the structure of the basal plane of graphite. The Cu(110)
surface is modeled based on the (110)-oriented lattice plane in the facecentered cubic structure of Cu. The models of the reciprocal lattices are
introduced in Chapter 2 Section 2.1.
The epitaxial orientation θ of graphene on Cu(110) surface can be
specified as the angle to the armchair arrangement of carbon atoms in the
〈 1 ,1,0,0〉 direction on the basal plane of graphite from the non close-packed
atomic rows in the 〈0,0,1〉 direction on the (110)-oriented single-crystal Cu
substrate. The same epitaxial orientation θ can be viewed as the angle to the
zigzag arrangement of carbon atoms in the 〈1,1, 2 ,0〉 direction on the basal
plane of graphite to the close-packed atomic rows in the 〈1,1,0〉 direction on the
Cu substrate. The possible epitaxial orientations can be reduced to the angles 30° to +30° as a consequence of the hexagonal symmetry in the structure of
graphene. Figure 4-2 shows the superimposition of reciprocal lattices between
graphene and Cu(110) surface at the epitaxial orientation of 0°, as well as the
crystallographic directions on graphene and (001)-oriented Cu substrate at the
orientations of the reciprocal lattices. The green dashed circles represent
circular paths through equivalent reciprocal lattice points of Cu(110) surface
about the origin. The indices of one of the equivalent lattice points on the circles
are indicated in the figure. A noticeable feature of the superimposition is the
near coincidence of the green dashed circles with certain sets of equivalent
reciprocal lattice points of graphene, hence the near coincidence between
certain reciprocal lattice points of graphene and those of Cu(110) surface at
certain epitaxial orientations.
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Figure 4-2. A superimposition of the reciprocal lattices for graphene and Cu(110) surface.
The green-coloured dashed circles pass through certain points of the reciprocal lattice
for Cu(110) surface. The coordinates for the representative of each set of lattice points
which are related through symmetry hence fall on the same circle are indicated.

Figure 4-3a shows the superimposition of reciprocal lattice points at
epitaxial orientations of ±5°, i.e. when the reciprocal lattice points of graphene
nearest to the 1st green dashed circle of the smallest radius make the closest
approach to the reciprocal lattice points of Cu(110) on the same circle. The
reciprocal lattice points (1,1) of Cu(110) surface and (1,0) of graphene are
near-coincident together at the epitaxial orientation of +5° when graphene in
Figure 4-2 is rotated 5° anti-clockwise with respect to the Cu(110) surface; so
too are the equivalent points in the opposite direction – i.e. ( 1 , 1 ) of Cu(110)
surface and ( 1 ,0) of graphene. The same is true for the point ( 1 ,1) of Cu(110)
surface and (0,1) of graphene as well as the equivalent points in the opposite
direction at the epitaxial orientation of -5° when rotated the same amount but
clockwise. The low-index reciprocal lattice points within the interior of the black
dashed circle in Figure 4-3a reveals a close match with the LEED pattern in
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a

b

c

Figure 4-3. (a) A superimposition of reciprocal lattices for two graphene orientations at
an angle of 5° on Cu(110) surface; reference of rotation based on the orientation in
Figure 4-2. The reciprocal lattices for graphene in blue colour and in red colour are mirror
images to each other. The rotation leads to the closest approach between the reciprocal
lattice points equivalent to ( 1,0 ) of graphene and ( 1,1 ) of Cu(110) surface. These
orientations also lead to the closest approach for the equivalent points with higher sets
of indices. The black-colored dashed circle emphasizes the low-index reciprocal lattice
points. (b) & (c) The superimposition of lattices in real space for the graphene
orientations in (a).

Figure 4-1 for the case of the sharp diffraction spots. The match between the
model and the LEED measurement therefore confirms the presence of
graphene. The set of 12 sharp diffraction spots in hexagonal arrangement from
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graphene in the LEED pattern therefore is composed of two sets of diffraction
pattern – each set composed of 6 diffraction spots in hexagonal arrangement,
one set from the epitaxial orientation at +5° whilst the other set from the
epitaxial orientation at -5°. Figure 4-3b shows the superimposition of real-space
lattices for the epitaxial orientation at +5° whilst Figure 4-3c for the epitaxial
orientation at -5°. These superimpositions of lattices are mirror images to each
other in juxtaposition but do not merge together onto each other into a single
identical object and are therefore considered as chiral lattices with respect to
the substrate.
The analysis and discussion made hitherto accounts for the origin of the
sharp diffraction spots observed from the LEED measurement in Figure 4-1 and
leads to the conclusion for the presence of epitaxial graphene domains with
orientations at ±5°. These results are consistent with a recent publication on a
LEED measurement of epitaxial graphene on Cu(110) surface19. However, the
present LEED measurement shows a distinct feature not found in the report –
the quasi-circular diffraction pattern. Measurement of the range of angular
positions of the quasi-circular diffraction pattern shows correspondence to
epitaxial orientations of about │±19°│ - │±30°│. A closer inspection of the LEED
measurement also reveals the presence of some amount of brightness however
weak for other points on the circular path through the diffraction pattern of
graphene. Thus rotational disorder exists for the entire spectrum of epitaxial
orientations to some extent.
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Assessment of Energetics of the Epitaxial Orientations
The most stable epitaxial orientations are at ±5° as evident from the
bright appearance of the hexagonal pattern of sharp diffraction spots from
graphene. The less-intense brightness for the quasi-circular diffraction pattern
suggests less stable epitaxial orientations. A simple explanation to the
energetics of epitaxial orientation can be attempted based on a reasonable
argument. The arrangement of a particular adsorption site on a surface or an
overlayer should follow the real-space lattice. Then the real-space lattice points
of graphene and Cu(110) surface can be considered as the most reactive
adsorption sites for interaction between the surface and the overlayer. As a
consequence, the most stable epitaxial orientation should occur when the realspace lattice points of graphene and Cu(110) surface position at the closest
coincidence in the highest number.
The consequence of the near coincidence in reciprocal lattice points
between graphene and Cu(110) surface at certain epitaxial orientations is
apparent from the relation between the magnitude G hk of the translation vector
to a reciprocal lattice point ( h, k ) and the interplanar distance d hk for real-space
lattice planes at orientation (hk ) normal to the plane of the two-dimensional
lattice of the surface in Equation (2-4). For example, the near-coincident
reciprocal lattice points (1,0) of graphene and (1,1) of Cu(110) surface at the
epitaxial orientation of +5° correspond to the real-space lattice plane
orientations (10) to graphene and (11) to Cu(110) surface as shown in Figure
4-3b. In the same manner, the near-coincident reciprocal lattice points (0,1) of
graphene and ( 1 ,1) of Cu(110) surface at the epitaxial orientation of -5°
correspond to the real-space lattice plane orientations (01) to graphene and
( 1 1) to Cu(110) surface as shown in Figure 4-3c. In general, the near
coincidence between reciprocal lattice points at the epitaxial orientations of ±5°
refers to the {10 1 } MB planes of graphene and the {11} planes of Cu(110)
surface. Note, the subscript MB is used here to make an explicit indication of
the use of Miller-Bravais notation and is meant to avoid confusion with the Miller
notation. The orientations of the planes related to the near-coincident reciprocal
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lattice points match together and the interplanar distances are almost equal.
Planes can be considered to consist of lattice points. Then a considerable
portion of the real-space lattice points from graphene and Cu(110) surface can
be almost coplanar together at the plane orientations related to the nearcoincident reciprocal lattice points. In other words, graphene and Cu(110)
surface possess some chances of local commensurate character to each other
i.e. some local match in real-space lattice points together between graphene
and Cu(110) surface. The plane orientations can therefore be a basis to
determine stable epitaxial orientations. The mismatch M d between the plane
orientations from graphene and Cu(110) surface in terms of the interplanar
distance d hk can be defined as
Md =

dGr,hk − dCu,hk

=

G Cu,hk

−1
(4-1)
dCu,hk
G Gr,hk
and provides some measure of destabilization at these epitaxial orientations.
The expression is analogous to the definition of lattice mismatch in general texts
elsewhere23. Moreover, the chances of a match in real-space lattice points can
be supposed to become better as d hk increases because the lattice points are
concentrated in a smaller number of planes. Overall, the most stable epitaxial
orientations correspond to the near coincidence of reciprocal lattice points
where the related plane orientations possess the lowest indices and the least
Md .
The epitaxial orientations with near coincidence in certain reciprocal
lattice points between graphene and Cu(110) surface are considered for
reciprocal lattice points with an index number of up to 5. Values of d hk or G hk
can be obtained from direct measurements on the lattice models or from
computations. Table 4-1 sums up the important structural features for each of
these epitaxial orientations. The structural features include the epitaxial
orientation θ for both rotational directions; a representative (hk ) of the matched
plane orientations; the designation for the plane orientations equivalent to the
representative planes, {hk } in the case of Cu(110) surface and {h ′k ′i ′} MB in the
case of graphene; the magnitudes G hk of the reciprocal lattice vectors; the
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interplanar distance d hk ; the interplanar mismatch M d . Also included in the
table is the rank to designate the position in the order of d hk ; the epitaxial
orientation of largest d hk , in other words the plane orientation with the lowest
indices, is specified as 1.
Assessment of the epitaxial orientations in Table 4-1 shows agreement
with the distribution of epitaxial orientation in the LEED pattern for graphene in
Figure 4-1. The reciprocal lattice vector from the origin to (1,0) of graphene has
a magnitude of 2.94 Å-1 whilst to the (1,1) of Cu(110) surface has a magnitude
of 3.01 Å-1. The M d of the plane orientations equivalent to these reciprocal
lattice points at the epitaxial orientations of ±5° is found to be 2.38 %. These
plane orientations possess the lowest indices in Table 4-1 to position as the 1st
in the d hk rank. Other epitaxial orientations in particular at ±19°, ±30°, and ±25°
possess M d comparable to the value for the epitaxial orientations at ±5° but
follows the rank of the epitaxial orientations at ±5° in terms of position in d hk to
become 3rd, 4th, and 5th. Close coincidence in real-space lattice points between
graphene and Cu(110) surface can be related to the amount of interaction. The
most frequent close-coincidence in lattice points happens for the lowest M d and
the lowest-index plane orientations, and explains a reason for the epitaxial
orientations at ±5° to be the most stable as evident from the bright appearance
of the hexagonal pattern of sharp diffraction spots from graphene. The
interaction potential as a function of epitaxial orientation must be deep at the
epitaxial orientations of ±5° to prevent rotational disorder around these epitaxial
orientations at the growth temperature. The epitaxial orientations at ±19°, ±30°,
and ±25° constitute partial components for the quasi-circular diffraction pattern.
The less-frequent occurrence of close coincidence in real-space lattice points
between graphene and Cu(110) surface for these epitaxial orientations is
consistent with the less-stable nature of the epitaxial orientations for the quasicircular diffraction pattern. Perhaps the extent of the weakness of interaction
between graphene and Cu(110) surface at the epitaxial orientations of ±19°,
±30°, and ±25° could allow some rotation at the growth temperatures of
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Figure 4-4. A model of superimpositions of reciprocal lattice for graphene orientations at
5°, 19°, 25°, and 30° on Cu(110) surface to provide explanation to the observed LEED
pattern shown in Figure 4-1; reference of rotation based on the orientation in Figure 4-2.
The reciprocal lattice points are shown within the low-index region. The solid arc
superimposed on the orientations at 19°, 25°, and 30° indicates a certain amount of
orientation disorder within such range due to a low degree of stabilization for the
epitaxial orientations at 19°, 25°, and 30°

graphene and cause the rotational disorder; then the interaction potential as a
function of epitaxial orientation must be shallow and broad at these epitaxial
orientations. Note the upper and lower limits of the rotational disorder from the
LEED measurement coincide with the epitaxial orientations at ±19° and ±30°
considered as favourable from the assessment of coincidence in lattice points
alone. Epitaxial orientations below │±5°│ and in-between │±5°│–│±19°│ can
be considered to be not so favourable from the apparent absence of LEED
patterns for these regions. The reason could be explained as a lack of close
match in lattice points because the rest of the epitaxial orientations considered
in Table 4-1 possess high M d ’s close to 3% and above, or positions lower than
5th in the d hk rank. The long gap of unfavourable epitaxial orientations between
the stable orientations at │±5°│ and │±19°│ must constitute a high interaction
potential barrier to hinder further extension of the rotational disorder.
Comprehensive explanation to the energetics of epitaxial orientation can be
found from detailed theoretical calculation of models and interaction energies.
Figure 4-4 shows a model of superimposition of reciprocal lattices within
the low-index region between graphene and Cu(110) surface at the favourable
epitaxial orientations of ±5°, ±19°, ±30°, and ±25°. The sizes of the points are
not made to correspond to the width of the actual diffraction spots but to
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emphasize the strength of a particular epitaxial orientation. The solid arcs
between the epitaxial orientations at ±19°, ±25°, and ±30° are drawn to indicate
the rotational disorder. The model shows a good reproduction of the measured
LEED pattern so the assessment of coincidence in lattice points indeed
provides a simple but good explanation for the distribution of epitaxial
orientation.
Table 4-1. Structural features of certain epitaxial orientations with close coincidence in
reciprocal lattice points based on a model of graphene on Cu(110) surface.
Cu(110) Surface
θ
(°)

(hk )

{hk }

G Cu, hk
-1

(Å )

Graphene
d Cu, hk

(hk )

(Å)

{ h′k ′i′} MB

G Gr,hk
-1

(Å )

d Gr, hk
-1

Md

Rank

(%)

(Å )

0

(20)

{20}

4.92

1.28

(1 1 )

{11 2 }

5.11

1.23

-3.60

2

2

(31)

{31}

7.59

0.83

(2 1 )

{12 3 }

7.80

0.81

-2.75

6

3

(42)

{42}

10.44

0.60

(3 1 )

{134 }

10.63

0.59

-1.76

10

4

(53)

{53}

13.37

0.47

(4 1 )

{14 5 }

13.51

0.47

-1.05

12

5

(11)

{11}

3.01

2.08

(10)

{01 1 }

2.95

2.13

2.25

1

9

(52)

{52}

12.79

0.49

(3 2 )

{23 5 }

12.85

0.49

-0.48

11

10

(41)

{41}

10.00

0.63

(2 2 )

{22 4 }

10.21

0.62

-2.11

8

17

( 3 4)

{ 3 4}

10.15

0.62

(24)

{ 4 22}

10.21

0.62

-0.63

9

18

( 5 3)

{ 5 3}

13.37

0.47

(15)

{ 5 14}

13.51

0.47

-1.05

12

19

(21)

{21}

5.22

1.20

(1 1 )

{11 2 }

5.11

1.23

2.25

3

22

(52)

{52}

12.79

0.49

(2 3 )

{32 5 }

12.85

0.49

-0.48

11

24

(3 1)

{3 1}

7.59

0.83

(1 2 )

{21 3 }

7.80

0.81

-2.75

6

24

(4 2)

{4 2}

10.44

0.60

(14)

{ 4 13}

10.63

0.59

-1.76

10

25

( 1 3)

{ 1 3}

5.77

1.09

(22)

{ 2 20}

5.90

1.07

-2.10

5

25

(24)

{24}

8.53

0.74

(30)

{03 3 }

8.84

0.71

-3.59

7

30

(03)

{03}

5.22

1.20

(21)

{ 1 2 1}

5.11

1.23

2.26

4
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4.2 STM Characterization of Epitaxial Graphene
on the Cu(110) Surface
STM measurements were performed to image graphene formation on the
Cu(110) surface after thermal decomposition of perylene on the surface in
experimental setup 3. Figure 4-5 and Figure 4-6 show some of the STM
topographic images after completion of the entire process at growth
temperatures estimated to be around 1000 K – 1250 K. The large-scale STM
image in Figure 4-5a shows the presence of round-shaped islands on the
surface comprised of narrow terraces and numerous step-edges. These islands
cover about 25% of the surface area and can reach a size of up to 150 nm in
diameter of an equivalent circle with the same area. Repetition of the graphene
preparation process four times leads to saturation of the surface.
The theoretical limit to the maximum possible surface-area coverage
Θmax, lim of graphene on the Cu(110) surface from a single process of the
preparation can be achieved when the entire amount of carbon in a saturated
monolayer of commensurate (5x5) perylene superstructure is 100% converted
into graphene. The surface area within a single unit cell of the (5x5) perylene
superstructure includes two molecules of perylene. Each perylene molecule
contains 20 carbon atoms. Thus the maximum amount of carbon within the
(5x5) unit cell is 40 atoms. The surface area A Gr within a single primitive unit
cell of graphene can be computed from the cross products of the primitive
translation vectors i.e.
3
aGr ⋅ b Gr
(4-2)
2
Each primitive unit cell of graphene is associated with two carbon atoms. The
A Gr = a Gr × b Gr =

40 carbon atoms from two molecules of perylene within a unit cell of the (5x5)
perylene superstructure would take up a maximum area of 20 times A Gr when
converted into graphene. Thus Θ max, lim can be computed as

Θ max, lim =

3
aGr ⋅ b Gr
2
5aCu ⋅ 5b Cu

20 ⋅
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(4-3)

a

b

c

d

e

Figure 4-5. Various STM topographic images of graphene islands from four different
regions on Cu(110) surface upon preparation at the highest temperatures of the present
experiment: (a) 8000 Å x 8000 Å measured at U = -1000 mV and I = 0.20 nA; (b) 4000 Å x
4000 Å measured at U = -1000 mV and I = 0.20 nA; (c) 1043 Å x 1043 Å measured at U = 1100 mV and I = 0.20 nA, the grey-colour dashed line across the image is a scan line; (d)
4000 Å x 4000 Å measured at U = -987 mV and I = 0.36 nA. The images are not postcalibrated to correct dimensions. (e) Height profile corresponding to the grey-colour
dashed scan line in (c).
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which finds a value of 45% upon substitution of the magnitudes of the
translation vectors. Assume the islands are graphene. Then comparison of the
surface-area coverage from STM measurements with the theoretical limit shows
the effectiveness of the preparation process is about 56% – i.e. the percentage
of the entire amount of carbon from perylene converted into graphene. Reports
have demonstrated no desorption of intact perylene molecules from the
monolayer regime even when decomposition temperatures had been
reached24,25 so the rest of the amount of carbon can be presumed to desorb as
volatile hydrocarbon fragments. A note worth some mention is the presence of
an adsorbate-induced surface reconstruction on the Cu(110) surface into a
narrow

stripe

pattern

of

upper

and

lower

terraces

underneath

the

commensurate (5x5) superstructure of perylene. The surface reconstruction
therefore leads to half of the amount of perylene molecules to be found on the
upper terraces whilst the other half on the lower terraces. Such proportion of
distribution almost coincides with the 56% effectiveness of the present
preparation process. Thus an open question remains whether the surface
reconstruction is correlated with the effectiveness of the decomposition process
or whether the close match between these numbers is just a matter of
coincidence.
Several features of the islands resemble those reported for graphene on
metal surfaces. One feature, common to reports of graphene on metal surfaces,
is the continuous extension of graphene over step edges on the substrate
surface underneath. The feature is apparent from the presence of step edges
on the islands in the figures shown. Rounded-shape islands of graphene have
been observed as well on Cu(111) surface26. The rounded shapes represent an
insignificant influence from the symmetry of the Cu-atom arrangement on the
surface in comparison to the effect of high temperature during growth. These
shapes however contrast with the anisotropic growth of graphene on Cu(100)
surface where lobe-shaped islands grow in the directions of the high-symmetry
axes of the surface27,28. The presence of numerous step edges on the Cu(110)
surface should somehow exert some influence towards distortion from perfect
round shapes for the graphene islands. However the interaction of the edges of
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graphene islands with the step edges is not adequate to pin graphene edges
onto the step edges, in contrast to the case of graphene on Ru(0001)29.
Perhaps up-step growth of graphene islands over step edges can be seen from
the presence of some graphene edges close to the upper edge of a step on the
Cu surface as in the portion of the island indicated with a grey dashed rectangle
h in Figure 4-6d.
The interaction between graphene and the Cu(110) surface seems to
widen the terraces underneath graphene islands. The phenomenon is apparent
in Figure 4-5b where an enormous number of step edges and narrow terraces
surround graphene islands on large flat terraces. Figure 4-5c shows a portion
near an edge of an island and a stepped region on the island. Measurement
scan of height profile is performed along the grey dashed line on the image. The
corresponding height profile on the scan line is shown in Figure 4-5e; the step
edge underneath the particular graphene overlayer measures a height of 12.5 Å
which is equivalent to about 9 monatomic steps of the Cu(110) surface. The
edge of the island is found to have a height of about 3.4 Å. However the height
of graphene from the surface is noted to be no more than about 2 Å from
measurements to be shown in Section 4.3 so the height of the island edge in
Figure 4-5c is about a Cu-monatomic step higher. The height measurement
shows the island edge terminates with a step edge of the Cu surface
underneath. However the situation would be rather unusual if the step edge on
the substrate surface assumed the natural shape of the overlayer on its own.
The observation therefore suggests expansion of terraces through movement of
surface step edges with the front of graphene-island growth as reported from a
real-time growth experiment for graphene on Ru(0001)30. Figure 4-5d shows a
region where graphene islands induce complex facet formations on the
substrate surface underneath the islands. Large-area faceting of substrate
surface has been reported with formation of graphene on high-index Ni
surfaces14. The appearance of the facet formations is quite unusual in the
present experiments and could be attributed to the abnormal amount of step
edges in the region of the substrate. The observations of increase in terrace
sizes, increase in step heights, and facet formations could point towards an
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a

b

c

d

-h-

B
A

Figure 4-6. Various STM topographic images of graphene islands from four different
regions on Cu(110) surface upon preparation at the highest temperatures of the present
experiment: (a) 1000 Å x 1000 measured at U = -1000 mV and I = 0.20 nA; (b) 1000 Å x
1000 Å measured at U = -1000 mV and I = 0.20 nA; (c) 250 Å x 250 Å measured at U = 1000 mV and I = 0.20 nA; (d) 2000 Å x 2000 Å measured at U = +874 mV and I = 0.20 nA.
The images are not post-calibrated to correct dimensions

induced process of Cu-atom transport during growth of graphene islands due to
some favorable interaction between the graphene overlayer and the Cu(110)
surface. Close inspection of STM images as in Figure 4-6a reveals some
unhindered diffusion of copper atoms at steps underneath graphene islands
from the images of rough step edges to suggest weak interaction between the
graphene overlayer and the Cu(110) surface.
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Figure 4-6b shows graphene islands can be composed of multiple
domains. A closer look as in Figure 4-6c shows domains possess different
large-scale stripe patterns. The origin of the stripe patterns can be revealed
from atomic-resolution STM images. Figure 4-6d shows a large view over the
area around the island domains at which atomic resolution was best obtained.
These domains are indicated with a blue dashed rectangle as A and a green
dashed rectangle as B. The complex patterns from the atomic-resolution data
are shown in Figure 4-7 – Figure 4-9.
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Moiré Superstructure for Domain A
Complex patterns from an incommensurate epitaxial overlayer of
graphene on well-defined metal surfaces has been observed from STM
measurements31,32. These patterns are often termed as Moiré and arise from a
combination of electronic corrugation33 and geometric corrugation34 of the
overlayer due to interaction with the substrate. Moiré superstructures are known
to manifest large-scale periodic patterns – large-scale hexagonal patterns on
metal surfaces with hexagonal structure12,13,26,35 whereas large-scale stripe
patterns on metal surfaces with cubic structure28. Manifestation of Moiré
superstructures as large-scale stripe patterns for the present case is reasonable
from the rectangular structure of Cu(110) surface. The complex patterns in
domains A and B from the atomic-resolution data in Figure 4-7 – Figure 4-9
must be Moiré patterns for graphene on Cu(110) surface.
Figure 4-7 and Figure 4-8 show atomic-resolution STM images of domain
A in Figure 4-6d. The patterns observed in the STM images were verified from
successive scans at different magnifications and scan directions. Calibration
factors are stated in the caption for each figure where standard calibration
images, based on atomic-resolution STM images of well-ordered p(2x1)
adsorption of oxygen on the surface of the same Cu substrate, are available for
the same image size and the same scan direction.
Figure 4-7a shows a large-scale view of the atomic-scale origin of the
large-scale stripe pattern for domain A and reveals what seems to be simple
stripe-patterned modulation of dark and bright regions, in fact turns out to have
complicated atomic structure behind the pattern. The period of separation
between stripes measures about 64 ± 6 Å. The direction of the stripes is
oriented on the surface at about –78° from the <110> direction on the surface
of the Cu substrate. Figure 4-7b is scanned at 45° at the same scan dimension.
The height profile for the measurement scan on the grey dashed line i is shown
in the inset to show the corrugation of the stripe-patterned modulation. The
height profile is applied with a minor smoothening process using the SPMimage analysis software WSxM just to reduce some obtrusive features from
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noise. The difference in height between the maxima and the minima of the
stripe pattern is found to be about 0.4 Å.
Figure 4-7c is scanned at a dimension of 100 Å x 100 Å. The hexagonal
arrangement of dark depressions and the scale of the distances in between
points to the honeycomb structure of graphene. A streak pattern of bright
protrusions and dark depressions as indicated with dashed lines in green and
blue colour are prominent on the bright region of the large-scale stripe pattern.
The image of the honeycomb structure as a hexagonal pattern of dark
depressions is more apparent on the dark region of the large-scale stripe
pattern. Figure 4-7d shows the same image after application of an FFT filter; the
essential features of the atomic-scale structure appear clear and smooth
without the obtrusive features of noise.
Figure 4-8 reveals changes in the level of emphasis on certain features
of the structure of graphene on the Cu(110) surface in the images. These
variations can be attributed to changes in the condition of the STM tip due to
changes in the applied bias voltage between the sample and the tip, the current,
or some incidental chemical functionalization of the tip. Figure 4-8a shows
balanced emphasis on the streak pattern of bright protrusions and dark
depressions and on the pattern of the honeycomb structure of graphene. Figure
4-8b focuses more emphasis on the streak pattern of bright protrusions and
dark depressions whilst Figure 4-8c and Figure 4-8d focus more emphasis on
the pattern of the honeycomb structure. On the one hand, the image of the
honeycomb structure in Figure 4-8c appears as bright spots. On the other hand,
the image of the honeycomb structure in Figure 4-8d appears as dark spots.
The images of the honeycomb structure of graphene show an apparent
distortion from a uniform hexagonal arrangement. The distortion could neither
be due to an unstable piezoelectric scanner of the STM instrument nor to an
unstable STM tip because the appearance of such a distortion pattern is
uniform within these images and consistent at different scan directions. Perhaps
the distortion could be an effect of strain in the graphene overlayer due to an
interaction with the Cu substrate and an effect of the atomic-scale corrugation of
Cu(110) surface.

140

a

b

-i-

64 Å
–78°

<110>

<110>

Figure 4-7. Atomic-resolution STM topographic images of an area within domain A in
Figure 4-6d. (a) 193 Å x 261 Å image measured at U = +155 mV and I = 0.40 nA, corrected
with calibration factors X = 0.963 and Y = 1.305 for 200 Å x 200 Å image scans. (b) 200 Å x
200 Å image measured at U = +155 mV and I = 0.40 nA, scanned at an angle of 45° relative
to (a), not post-calibrated to correct dimensions. (c) 93 Å x 149 Å image measured at U =
+155 mV and I = 0.40 nA, corrected with calibration factors X = 0.934 and Y = 1.495 for
100 Å x 100 Å image scans. (d) FFT-filtered STM image in (c). Inset in (b): height profile
corresponding to scan line i in (b). The height profile is applied with a smoothening
process using the SPM image-analysis software WSxM to reduce some obtrusive effects
of noise.
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Figure 4-7 (Continuation). Atomic-resolution STM topographic images of an area within
domain A in Figure 4-6d. (a) 193 Å x 261 Å image measured at U = +155 mV and I = 0.40
nA, corrected with calibration factors X = 0.963 and Y = 1.305 for 200 Å x 200 Å image
scans. (b) 200 Å x 200 Å image measured at U = +155 mV and I = 0.40 nA, scanned at an
angle of 45° relative to (a), not post-calibrated to correct dimensions. (c) 93 Å x 149 Å
image measured at U = +155 mV and I = 0.40 nA, corrected with calibration factors X =
0.934 and Y = 1.495 for 100 Å x 100 Å image scans. (d) FFT-filtered STM image in (c). Inset
in (b): height profile corresponding to scan line i in (b). The height profile is applied with
a smoothening process using the SPM image-analysis software WSxM to reduce some
obtrusive effects of noise.
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Figure 4-8. 46 Å x 89 Å atomic-resolution STM topographic image of an area within
domain A in Figure 4-6d. Image dimensions are corrected using calibration factors X =
0.927 and Y = 1.771 for 50 Å x 50 Å image scans. STM measurements were performed at
(a) U = +155 mV and I = 0.40 nA, (b) U = +258 mV and I = 0.80 nA, (c) U = +80 mV and I =
0.40 nA, (d) U = +85 mV and I = 0.40 nA.
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Figure 4-8 (Continuation). 46 Å x 89 Å atomic-resolution STM topographic image of an
area within domain A in Figure 4-6d. Image dimensions are corrected using calibration
factors X = 0.927 and Y = 1.771 for 50 Å x 50 Å image scans. STM measurements were
performed at (a) U = +155 mV and I = 0.40 nA, (b) U = +258 mV and I = 0.80 nA, (c) U = +80
mV and I = 0.40 nA, (d) U = +85 mV and I = 0.40 nA.
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Moiré Superstructure for Domain B
Figure 4-9a, b show high-resolution STM images of domain B in Figure
4-6d though the levels of contrast, sharpness, and noise are not on a par with
the quality of the images for domain A. Figure 4-9a shows a large-scale view of
the atomic-scale origin of the large-scale stripe pattern for domain B. The period
of separation between stripes measures about 99 ± 10 Å after use of calibration
factors. The direction of the stripes is oriented on the surface at about +44° from
the <110> direction on the surface of the Cu substrate. The height profile for
the measurement scan along the grey dashed line ii in Figure 4-9a is shown in
Figure 4-9c. The height profile is applied with a smoothening process using the
SPM-image analysis software WSxM to reduce some obtrusive features from
noise. The difference in height between the maxima and the minima of the
stripe pattern is found to be about 0.4 Å. Figure 4-9b shows a closer view at a
dimension of 50 Å x 50 Å.
The structure pattern in the domain bears resemblance to the structure
pattern in domain A. The present conditions of the STM tip seem to provide
more emphasis on the streak pattern of bright protrusions and dark depressions
of the structure rather than the honeycomb structure of graphene. The image of
the honeycomb structure seems to appear as bright protrusions and apparent in
particular on the dark regions of the large-scale stripe pattern.
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Figure 4-9. Atomic-resolution STM topographic image of an area within domain B in
Figure 4-6d: (a) 193 Å x 261 Å image measured at U = +475 mV and I = 0.80 nA, corrected
with calibration factors X = 0.963 and Y = 1.305 for 200 Å x 200 Å image scans; (b) 46 Å x
89 Å image measured at U = +475 mV and I = 0.80 nA, corrected with calibration factors X
= 0.927 and Y = 1.771 for 50 Å x 50 Å image scans. (c) Height profile corresponding to
scan line ii in (a). The height profile is applied with a smoothening process using the
SPM image-analysis software WSxM to reduce some obtrusive effects of noise.
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Comparison of Moiré Superstructure with 2D Geometrical Models of
Superimposed Structures and Estimation of Epitaxial Orientation
An approach to find an explanation for the observations from the STM
images is the creation of hard-sphere and carbon-skeleton models for direct
visual comparison. The first approximation to the model for graphene on the
Cu(110) surface is the direct superimposition of 2D geometrical structures
between graphene and Cu(110) surface35. The 2D geometrical structure of
graphene is created as a skeleton to represent the network of sp2-bonded
carbon atoms with C–C bond length of 1.42 Å. The 2D geometrical structure of
Cu(110) surface is created as solid circles to represent Cu atoms on the
surface. The superimposition of graphene is adjusted in terms of the epitaxial
orientation θ as in Section 4.1. Models were created at an interval of 1°.
The 2D geometrical models of graphene on Cu(110) surface can be
perceived to form large-scale stripe patterns of bright and dark regions at finite
angular orientations. The period of separation for the large-scale stripes and the
direction of the stripes relative to the 〈1,1,0〉 direction of the Cu(110) surface
are noted from each model. The graph in Figure 4-10 summarizes the variation
in the period of separation and the orientation of the large-scale stripe patterns
with change in epitaxial orientation of graphene on Cu(110) surface in the
models. The period of separation increases up to a maximum of 94 Å at an
epitaxial orientation of │±5°│ upon rotation from 0° and from thence gradual
decrease occurs up to 8 Å upon further rotation to epitaxial orientations of

│±23°│. Simultaneous with the change in the period of separation is the change
in the orientation of the stripes. The direction of change in the orientation of the
stripes is opposite to the sense of graphene rotation relative to the Cu(110)
surface. The orientation of the stripe pattern changes clockwise from +18° to 132° for the case of anti-clockwise change in epitaxial orientation of graphene
on the Cu(110) surface from +1° to +23°; the same manner of change but in the
opposite sense happens for the opposite case. The stripe pattern becomes hard
to recognize between │±24°│ and │±26°│– i.e. the stripes are somewhat
discontinuous, an effect of gradual transition from chiral to an achiral pattern at
the epitaxial orientations of ±30°. The stripe patterns at epitaxial orientations
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Figure 4-10. Graph which summarizes the trend in the distance of separation and the
orientation of the stripe patterns as the epitaxial orientation changes in the 2D
geometrical models for graphene on Cu(110) surface.

close to ±30° approach a horizontal orientation. A non-superimposable mirrorimage pattern at an epitaxial orientation of –θ exists for each pattern at an
epitaxial orientation of +θ except for the epitaxial orientations at 0° and ±30°.
The phenomenon relates to the existence of chiral structures. The patterns at
the epitaxial orientations of 0° and ±30° no longer possess non-superimposable
images and are therefore achiral structures.
An important point in the 2D geometrical models is the association of a
unique stripe pattern to each epitaxial orientation of graphene on the Cu(110)
surface. Thus the epitaxial orientation of graphene on the Cu(110) surface can
be estimated based on comparison of the period of separation and the
orientation of the stripes between STM measurements and the models. The
STM measurements of 64 ± 6 Å and –78° for the respective parameters show
domain A corresponds closest to the epitaxial orientation of -7°. The model for
the epitaxial orientation has stripes of 56 Å period and -72° orientation as shown
in Figure 4-11. For reference, the model for the epitaxial orientation of -6° has
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Figure 4-11. 2D geometrical model of Moiré superstructure for graphene on Cu(110)
surface based on direct superimposition of individual structures from the basal plane of
graphite and the free surface of Cu(110) at an epitaxial orientation of (a) +7°, (b) -7°
between the zigzag 〈1,1, 2 ,0〉 direction of graphene and the close-packed 〈1,1,0〉
direction of Cu. The lower panels show the honeycomb structure relative to the Cu(110)
surface. The green and blue lines in (a) indicate two features in the Moiré superstructure
(cf. Figure 4-7c).
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stripes of 84 Å period and +85° orientation and the model for the epitaxial
orientation of -8° has stripes of 38 Å period and -62° orientation. The
observation

of

some

discrepancies

in

the

parameters

between

the

measurement and the model could come from two possible reasons. First, the
actual epitaxial orientation could deviate from -7° towards -6°. Second, the
actual structures of epitaxial graphene on the Cu(110) surface could deviate
from the mere 2D approximations as the actual positions of carbon atoms could
possess some distortion, perhaps due to the interaction with the surface and the
corrugation of the surface. Sophisticated theoretical models based on
calculations could provide further clarification. The mirror image to the model is
also shown in Figure 4-11 to emphasize the chiral behaviour of the Moiré
superstructures for graphene on Cu(110) surface. The relevant directions are
shown in green color for Cu(110) surface and in blue color for graphene in each
model.
Comparison of the STM measurements of 99 ± 10 Å for the distance
between stripes and +44° for the orientation of the stripes with the model in
Figure 4-12 show domain B corresponds to the epitaxial orientation of -5°. The
model for the epitaxial orientation possesses stripes of 94 Å period and +44°
orientation as shown in Figure 4-12.
Visual

comparison

of

the

atomic-scale

structure

reveals

close

resemblance between the STM images and the models both for domains A and
B. The bright regions of the large-scale stripe pattern can be seen as areas
where a major portion of the carbon aromatic rings are centered close to the
atop sites on the upper and lower close-packed atomic rows of Cu(110) surface.
On the other hand, the dark regions of the large-scale stripe pattern can be
seen as areas where the edges of the carbon aromatic rings are close to the
atop sites on the close-packed atomic rows of the Cu surface. Further
comparison from here refers to domain A but applies to domain B as well. The
streaks of bright protrusions on the bright regions of large-scale stripe patterns
as indicated with a green dashed line in Figure 4-7c can be explained as
regions where the carbon aromatic rings of graphene are centered close to the
atop sites on the upper close-packed atomic rows of the Cu(110) surface.
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Figure 4-12. 2D geometrical model of Moiré superstructure for graphene on Cu(110)
surface based on direct superimposition of individual structures from the basal plane of
graphite and the free surface of Cu(110) at an epitaxial orientation of -5° between the
zigzag 〈1,1, 2 ,0〉 direction of graphene and the close-packed 〈1,1,0〉 direction of Cu. The
lower panel shows the honeycomb structure relative to the Cu(110) surface.

These bright protrusions are represented as the yellow streaks within the bright
regions of the large-scale stripes in the models as indicated with a green
dashed line on the inset in Figure 4-11b. In-between these yellow streaks in the
model are regions which appear as white streaks where the carbon aromatic
rings of graphene are centered close to the atop sites on the lower closepacked atomic rows of the Cu(110) surface as indicated with a blue dashed line
on the inset in Figure 4-11b. Strong image contrast can be observed between
the streaks of bright protrusions and of dark depressions in the STM images.
The major contribution to the deep image-brightness contrast between these
bright and dark streaks could come from the electronic corrugation due to the
effect of height from the substrate Cu atom to graphene. The yellow streaks in
the model could appear with so much brightness in the STM images because of
an electronic effect due to a close contact between carbon aromatic rings and
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the atop sites on the upper close-packed rows of Cu atoms. On the other hand,
the white streaks in the model could appear with much pronounced depression
because of an electronic effect due to a gap between carbon aromatic rings and
the atop sites on the lower close-packed rows of Cu atoms. The actual
geometrical corrugation across the upper and the lower close-packed atomic
rows on the Cu(110) surface must be just a minor contribution, otherwise the
nature of the periodic deformation on graphene would appear to cause an
unfavourable amount of elastic strain.
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Statistical Distribution of Epitaxial Orientation
The epitaxial orientation can be estimated even in the absence of
accurate calibration. First, measurements of the distance and the orientation of
the stripes act as two independent means to determine the epitaxial orientation
so mutual confirmation is possible. Second, the sudden variations in these
parameters with change in epitaxial orientation as depicted in Figure 4-10
surpass the reasonable amount of measurement error for the STM instrument.
Indeed, measurements of the parameters both prior to and subsequent to
application of post-calibration factors for the cases of domain A and B come to
close agreement in the estimate of the epitaxial orientations.
A fair number of domains with sufficient topographic contrast to notice a
stripe pattern are observed from a collection of large-scale STM images. The
post-calibration factors for scans over 400 Å in Experiment Set-Up No. 3 are
estimated as 0.98 in X axis and 1.10 in Y axis. Therefore, a statistical
distribution of epitaxial orientation can be derived despite the absence of
accurate

calibration factors

for the

size

of

these

images.

Distance

measurements on these domains are allocated a tolerance of 10% based on
the precision of post-calibration. Indeed, the allocated tolerance in distance
measurements for purposes of estimation of the epitaxial orientation is found to
be reasonable upon verification of the epitaxial orientation from the orientation
of the stripe pattern. Orientation measurements on the domains are allocated a
tolerance of ±10° based on the image distortion of the post-calibration standard.
The association of epitaxial orientation to each observation of stripe pattern in
an STM image is made when the period and orientation of stripes in the model
for a particular epitaxial orientation corresponds to those in the observation
within the limits of the allocated tolerances. In most cases, multiple associations
of epitaxial orientation for each observation are inevitable. Then, the
observation is divided so the number of counts distributed to these epitaxial
orientations is just a fraction of one observation. Consider for example the
observation of the stripe pattern in the island domain shown in Figure 4-13. The
period and the orientation of the stripe pattern are measured to have some
value in the range 12 Å – 15 Å and -76° – -96°. The models which agree with
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Figure 4-13. 588 Å x 660 Å STM topographic image of an island domain whose stripepatterned superstructure is resolved. The image dimensions are corrected with
calibration factors X = 0.98 and Y = 1.10 for 600 Å x 600 Å image scans. STM
measurements were performed at U = -1000 mV and I = 0.20 nA.

these measurements are the epitaxial orientations of -28°, -29°, and ±30° as
shown in Figure 4-14. Thus the number of counts distributed to each of the
epitaxial orientations │±28°│, │±29°│, and │±30°│ is just ⅓.
Figure 4-15 shows the statistical distribution of epitaxial orientation. The
red solid line is drawn on the graph as just a guide to the actual plot of discrete
measurement points for the benefit of the viewer but is not a statistical model to
the data. A total number of 42 island domains are found to have resolved stripe
patterns. Note however a major portion of the total number of island domains
observed in the entire set of STM images from the present investigation are
found without resolution of stripes or any other pattern so these observations
are excluded from the statistics. The total number of counts for each epitaxial
orientation in the statistical distribution is expressed in terms of percentage
count relative to the total number of 42 observations. No number of counts is
assigned to the range │±24°│ – │±26°│ due to a lack of clear distinction of the
patterns in the models. The correspondence of the stripe patterns between the
STM measurements and the models shows the 2D geometrical models do
provide a good approximation to the observations.
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Figure 4-14. 2D geometrical model of Moiré superstructure for graphene on Cu(110)
surface based on direct superimposition of individual structures from the basal plane of
graphite and the free surface of Cu(110) at an epitaxial orientation of (a) -28°, (b) -29°, and
(c) ±30° between the zigzag 〈1,1, 2 ,0〉 direction of graphene and the close-packed 〈1,1,0〉
direction of Cu. The insets on the upper right corners of the models show the
honeycomb structure relative to the Cu(110) surface structure.
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Figure 4-15. Statistical distribution of epitaxial orientation in terms of percentage count
from a total number of 42 observations of domains whose stripe patterns are resolved in
large-scale STM images. The actual plot is shown as the square symbols on discrete
points; the red-colour solid line is drawn as a guide to the plot for the viewer.

The statistical distribution of epitaxial orientation tends to be broad and
low in the range │±9°│ – │±30°│. The reason comes from the small changes in
the period and the orientation of the stripe pattern in the models within such a
range so a unit observation of stripe pattern would be divided among several
epitaxial orientations within the limits of allocated measurement error. On the
other hand, the estimation of epitaxial orientation in the range │±0°│ – │±9°│
falls within a narrow range because of the drastic changes in the period and the
orientation of the stripe pattern so the statistical distribution tends to be narrow
and intense for the peak at │±5°│. Thus the strength and broadness of the
peaks in the statistical distribution is not just related to the number of counts
and tolerance of measurements but also to the variation of the plot in Figure
4-10.
The statistical distribution of epitaxial orientation based on observations
from STM measurements shows close agreement with the distribution of
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brightness in the LEED pattern shown in the former section. The highest
chances of appearance together with the highest level of confidence in the
estimated epitaxial orientation occur around the most stable epitaxial
orientations at │±5°│. Somewhere between │±25°│ and │±30°│ there could be
stable epitaxial orientations based on the presence of another peak. However,
the assessment of epitaxial orientation in the former section points to stable
epitaxial orientations at │±25°│ and │±30°│. Then perhaps the peak between
│±25°│ and │±30°│ could also be a manifestation of frequent rotations between
these two orientations at the growth temperature. Some counts appear between
the orientations at │±5°│ and │±30°│ though uncertain to a considerable extent.
Low chances of appearance seem to be the case for the achiral orientations at
0° and │±30°│. The statistical distribution shows an extent of rotational disorder
for the entire spectrum of epitaxial orientations, in agreement with the presence
of some brightness in the LEED pattern however weak for the epitaxial
orientations considered unfavorable in the former section.
The exact reason for the statistical distribution remains quite unclear
without a sophisticated theoretical model. Nevertheless certain remarks on the
structure can be mentioned in relation to the statistical distribution. The most
stable epitaxial orientations at │±5°│ coincide with the Moiré superstructure of
the largest period of separation in the stripe pattern. The large-scale periodic
pattern in the Moiré superstructure of graphene has been reported to come from
a major contribution of geometrical deformation34. Perhaps the largest period of
separation in the stripe pattern allows graphene on the Cu(110) surface to
handle geometrical deformation with the least amount of destabilization. The
small changes in the period of separation and orientation of the large-scale
stripes in the region │±9°│ – │±30°│ could perhaps mean small differences in
interaction to be consistent with the rotational disorder.
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4.3 Development of Graphene on the Cu(110)
Surface
LEED Characterization of Graphene Formation at 800 K – 1000 K Growth
Temperature
Figure 4-16 shows the LEED pattern for a graphene overlayer on the
Cu(110) surface prepared based on thermal decomposition of perylene to some
temperature 800 K – 1000 K. The prominent spots in rectangular arrangement
come from the first-order diffraction on the Cu(110) surface. The diffraction
pattern is moved off the centre of the LEED optics to make a portion of the
diffraction pattern from graphene visible onto the range of detection on the
screen. The presence of graphene is evident from the appearance of a pattern
comparable to what has been described for the LEED pattern of graphene
heated up to 1250 K as shown in Figure 4-1. However, certain features in the
LEED pattern for the low growth temperature show distinction. The circular
diffraction pattern from graphene is diffuse and manifests almost even
brightness throughout the entire circle. Note Figure 4-16 cannot show the entire
circular diffraction pattern but just the upper portion. The almost even brightness
in the circular diffraction pattern shows randomness in epitaxial orientation.
Some preference nonetheless exists for the epitaxial orientations at ±5° as
evident from some enhancement in brightness at the two symmetrical points on
the circular diffraction pattern. The diffuse character of the circular LEED pattern
for graphene suggests the preparation conditions tend to produce minute
domains

at

measurements

random
for

epitaxial

graphene

orientations.
on

Cu(110)

Recent
surface

report
based

of
on

LEED
thermal

decomposition of ethane has described an appearance of randomness in
orientation to a certain extent for growth temperatures lower than 1000 K19.
Thus predisposition towards disorder in epitaxial orientations seems to be a
distinct feature for a graphene overlayer on Cu(110) surfaces at low growth
temperatures. Possible reasons for the present randomness in epitaxial
orientation include the influence of the size of islands or domains16 and the
thermal activation towards rotation at the growth temperature.
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Figure 4-16. LEED pattern of a graphene overlayer on Cu(110) surface prepared through
thermal decomposition of perylene up to some temperature much lower than 1250 K.

Compare to the LEED pattern for the graphene overlayer heated to 1250
K as shown in Figure 4-1. The sharpness of the LEED pattern and the
appearance of diffraction spots suggest evolution of the graphene overlayer into
large domains with preference towards particular epitaxial orientations as the
growth temperature increases. Disorder in epitaxial orientation nonetheless
remains to a certain extent as evident from the semi-circular diffraction pattern
as described in Section 4.1. However, the recent report of LEED measurements
for graphene on Cu(110) surface based on thermal decomposition of ethane
has demonstrated no appearance of the semi-circular diffraction pattern despite
the growth temperature ramped to no more than 1000 K19, in contrast to 1250 K
here. Note the use of ethane has been reported to require multiple sequences
of hydrocarbon exposure to Cu surface at room temperature and thermal
decomposition to the specified temperature in order to achieve a sufficient
amount of graphene on the surface19,26, whereas the use of perylene needs just
one. Thus the persistence of the semi-circular diffraction pattern in the present
case could be related to a high rate of graphene formation consequent upon a
substantial amount of accessible carbon prior to the process. A high rate of
graphene formation could lead to certain kinetic hindrances and trap numerous
domains at less favourable epitaxial orientations.
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STM Characterization of Graphene Formation at 800 K – 1000 K Growth
Temperature
Figure 4-17 – Figure 4-20 show STM images of initial formation of
graphene overlayer at an estimated growth temperature of 800 K – 1000 K. The
large-scale STM image in Figure 4-17a provides a large overview of the
overlayer with a dark contrast. The overlayer formation appears as a network of
islands interconnected through narrow bridges. The sizes of the islands are
non-uniform but no more than about 50 nm. The shapes of the islands are
irregular but tend to be rounded. The common observation of attachment to
step edges on the Cu surface seems to suggest the events of nucleation could
have occurred at these sites. The close-up view in Figure 4-17b shows the
presence of multiple domains, as evident from the clear appearance of dark
boundaries on the overlayer. The shapes of the domains are quite non-uniform
and irregular. The sizes of the domains are also non-uniform and some even
come as small as a spot on the image. The small dimensions of the domains in
the overlayer are in agreement with the diffuse character of the LEED pattern
for graphene in Figure 4-16. The domains must possess almost random
epitaxial orientations as the LEED pattern suggests.
Figure 4-18 and Figure 4-19 show STM images of scans on the same
portion of the overlayer. The STM image in Figure 4-18a shows a large-scale
view. Clusters gathered at the edges of the graphene overlayer as seen
apparent from the close-up view in Figure 4-18b is a common observation for
the present overlayer. These clusters are no more than 1 nm in size; the height
profile in Figure 4-18c demonstrates a size of about 7 Å for one of the clusters.
Moiré patterns are observed to appear even at the present stage of growth
where domains are small. The large-scale stripes of Moiré patterns are
observed with pronounced contrast in Figure 4-18a and are observed even for
one domain the size of about 5 nm across the stripe pattern. Figure 4-19a and
Figure 4-19b show image enlargements of regions from the STM image in
Figure 4-18a within the gray-coloured dashed rectangles which are designated
as u and v. These image enlargements provide better distinction for the largescale stripe patterns than the close-up view in Figure 4-18b. Comparison of the
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Figure 4-17. STM topographic images of initial growth formation of graphene overlayer
on Cu(110) surface based on thermal decomposition of perylene at an estimated growth
temperature of 800 K – 1000 K: (a) 2000 Å x 2000 Å measured at U = -1000 mV and I = 0.20
nA; (b) 1000 Å x 1000 Å measured at U = -1816 mV and I = 0.70 nA. The images are not
calibrated to correct dimensions.

measured period and angular orientation of the large-scale stripe patterns with
those of the models reveals the measured domain in Figure 4-19a corresponds
to an epitaxial orientation in the range -30° to -28° and the measured domain on
the upper portion of the image in Figure 4-19b corresponds to an epitaxial
orientation in the range +27° to +28°. Figure 4-19c and Figure 4-19d show
closer views into the Moiré patterns of the domains in Figure 4-19a and Figure
4-19b. The STM image of the domain in Figure 4-19c reveals a resolution of
hexagonal arrangement which is visible as dark spots on some areas and bright
spots on other areas of the same domain. The distance between spots appears
in the length scale of the honeycomb structure of graphene. These observations
provide strong support to the presumption of graphene formation. Figure 4-19d
shows two different domains of different epitaxial orientations in the same
image scan. The domain in the upper portion of the image reveals atomic
resolution of the honeycomb structure whilst the other domain in the lower
portion does not. Such observation perhaps suggests different STM tip
conditions are required to achieve atomic resolution of the honeycomb structure
for different epitaxial orientations; the reason could be differences in electronic
states due to possible differences in substrate-overlayer interaction. On the
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Figure 4-18. STM topographic images of initial growth formation of graphene overlayer
on Cu(110) surface based on thermal decomposition of perylene at an estimated growth
temperature of 800 K – 1000 K: (a) 490 Å x 550 Å measured at U = -1071 mV and I = 0.19
nA, corrected with calibration factors X = 0.98 and Y = 1.10 for 500 Å x 500 Å image
scans; (b) 193 Å x 261 Å measured at U = -1071 mV and I = 0.19 nA, corrected with
calibration factors X = 0.963 and Y = 1.305 for 200 Å x 200 Å image scans, the grey-colour
dashed line corresponds to a measurement scan of height profile in (c) across one of the
clusters gathered at the edges of the island.

other hand, the consistent observation of atomic resolution for the domains with
estimated epitaxial orientations in the range │±27°│ – │±30°│ could also find
explanation for the differences in resolution from possible enhancement to the
corrugation of the honeycomb structure due to geometric effects of the natural
atomic-scale corrugation of the substrate surface and electronic effects of
interactions between graphene and the Cu(110) surface as graphene
approaches the achiral epitaxial orientation at │±30°│. Recall in Section 4.2 that
the aromatic rings of graphene possess enhanced brightness atop Cu atoms on
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Figure 4-19. (a) 194 Å x 218 Å image enlargement of the region within the gray-colour
dashed rectangle designated as u from the STM image in Figure 4-18a; (b) 146 Å x 164 Å
image enlargement of the region within the gray-colour dashed rectangle designated as v
from the STM image in Figure 4-18a; (c) – (d) 93 Å x 149 Å STM topographic images of the
domains of interest in (a) – (b), measured at U = -1071 mV and I = 0.19 nA, corrected with
calibration factors X = 0.934 and Y = 1.495 for 100 Å x 100 Å image scans.
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the upper close-packed rows whereas enhanced darkness on the lower closepacked rows.
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STM Height Measurements of Graphene Overlayer on the Cu(110) Surface
The large proportion of flat terraces from the Cu surface which surround
the present overlayer allows proper thickness measurement of graphene on the
Cu(110) surface from the STM images. The height profiles for the measurement
scans along the gray-colour dashed lines i, ii, iii, and iv in Figure 4-20a and
Figure 4-20b are shown together in Figure 4-20c. The STM images have been
applied with a flattening process using the SPM-image analysis software WSxM
before measurement of the height profiles to make sure areas of the same level
are horizontal. The height profile for scan line i provides a measurement of 1.3
Å for the height of a monatomic step-edge on the Cu surface; moreover
measurements of height for a monatomic step-edge on the Cu surface from
various STM images range 1.3 Å – 1.5 Å. The distance of separation between
(110) planes within the crystal structure of Cu is 1.276 Å and an experimental
measurement of the height for a monatomic step-edge on Cu(110) surface has
been reported as 1.3 Å in the literature25. Comparison with these values
confirms a reasonable error and calibration in height measurement for the
present STM instrument. The measured heights of graphene islands are found
to be inconsistent to one another. Some graphene islands are found to be lower
than 1 Å, some are a few tenths of an angstrom higher than 2 Å, and others are
almost as high as a monatomic step edge on the Cu surface. The average
height for a single layer of graphene on Ru(0001) has been reported about 1.8
Å based on STM measurements11. The actual height of a single layer of
graphene on Cu(110) surface can be estimated as the sum of ½ the separation
of 3.35 Å between basal planes in graphite and ½ the separation of 1.3 Å
between terraces on Cu(110) surface, hence the value of 2.3 Å. Graphite has a
low density of states at the Fermi level compared to metals and a large effective
barrier to electron tunneling due to the limitation of tunneling to electron states
whose momentum vectors are high and parallel to the surface plane36. Then
STM measurement of height can be expected to be lower than the estimated
value. These reasons and the comparison with the reported measurement on
Ru(0001) find the present measurements within reasonable range and the
heights correspond to no more than a single layer of graphene. One possible
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Figure 4-20. STM topographic images of initial growth formation of graphene overlayer
on Cu(110) surface based on thermal decomposition of perylene at an estimated growth
temperature of 800 K – 1000 K: (a) 1000 Å x 1000 Å measured at U = -1000 mV and I = 0.20
nA, not post-calibrated to correct dimensions; (b) 500 Å x 500 Å measured at U = -1816
mV and I = 0.40 nA, not post-calibrated to correct dimensions. The grey-colour dashed
lines designated as i, ii, iii, iv correspond to measurement scans of height profiles in (c)
in order to measure the height of graphene overlayer on Cu(110) surface. The height
profiles are acquired from the STM images subsequent to application of an imageflattening technique to level the surface in the horizontal direction using the SPM imageanalysis software WSxM.
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reason for the variation of height measurements for a single layer of graphene
is the location of the overlayer edge relative to a step edge on the surface. First,
the overlayer edge could be attached to the lower side of the step edge as
could be the case for scan line iii. Second, the overlayer edge could be
coincident on the upper side of the step edge as could be the case for scan line
ii. Third, the overlayer edge could be detached at a distance from the step edge
as could be the case for scan line iv. Other possible reasons could be
differences in STM-tip condition between instances of measurements and
differences in chemical state for different domains in the graphene overlayer.
The differences in chemical state could perhaps be possible when the strength
of interaction through charge transfer between graphene and Cu(110) surface
varies among different epitaxial orientations on Cu(110) surface, where the
relative arrangement of atomic positions between graphene and Cu(110)
surface are also different. Variation of the strength of interaction among
epitaxial orientations could be evident from the statistical distribution of epitaxial
orientation and the distribution of brightness in LEED pattern described in
Sections 4.1 and 4.2. However, a presentation of evidence for the variation of
height as a function of epitaxial orientation based on STM measurements could
prove to be almost impossible because the effect of the STM-tip condition could
not be separated for a common STM tip unless deliberate functionalization of
the tip was made and the conditions were defined. Moreover the chance of
finding appropriate domains in appropriate locations with enough resolution of
superstructure pattern for determination of both epitaxial orientation and height
from STM measurements is not high. Thus the present investigation could not
provide a clear comment on the variation of height with epitaxial orientation so
such phenomenon remains a conjecture.
The portion of the overlayer at the location of scan line iii on the STM
image in Figure 4-20a traverses a step edge of the Cu surface. The presence of
the step edge underneath the overlayer is apparent from the characteristic
rough appearance due to the mobile behaviour of Cu atoms. Indeed, the height
profile of scan line iii in Figure 4-20c shows a change in height equivalent to
about a monatomic step on the Cu(110) surface. These observations show
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graphene can be continuous over step edges on the Cu surface underneath
even at the present stage of growth and despite the low growth temperature.
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Discussion of Possible Mechanism of Graphene Formation at 800 K –
1000 K Growth Temperature
Separate carbon entities are presumed to form upon thermal
decomposition of perylene. The nucleation of a graphene overlayer is assumed
to proceed through a combination of separate carbon entities into graphene
clusters and subsequent capture of other carbon entities into the existing
graphene clusters. As shown in Section 4.2, the effective amount of carbon
present for conversion into graphene is 56% of the entire carbon source, whilst
the rest of the amount of carbon can be presumed to desorb as volatile
hydrocarbon fragments because intact perylene molecules do not desorb from
the monolayer24,25. In other words, about half of the number of carbon atoms in
each molecule of perylene on average leads to graphene formation. Thus the
carbon entities could be as large as the carbon skeleton of a naphthalene
molecule. Note the carbon skeleton of perylene molecules can be considered to
be a simple fragment of graphene. One report has described the growth of
graphene on Ru(0001) surface as an addition not of carbon ad-atoms but of
some cluster of a few carbon atoms37. Moreover, the absence of carbide
formation is known for copper so carbon ad-atoms as the carbon entities could
be

unstable38.

Measurements

of Wöll et.

al.

has

indicated

thermal

decomposition of perylene on Cu(110) surface at temperatures as low as 500 K
25

. Recent work has shown oligomeric formation of perylene on Cu(110) surface

annealed up to 620 K

39

. Additional STM measurements of the thermal

decomposition at 600 – 800 K are therefore desirable to provide more evidence
of the form of the carbon entities.
The use of perylene compares to the common use of simple hydrocarbon
precursors such as methane and ethane in the thermal-decomposition method
of graphene preparation on Cu surfaces. The simple hydrocarbons precursors
cannot be expected to decompose into carbon entities more complex than
carbon dimers on surfaces40,41. The use of simple hydrocarbon precursors
requires considerable periods of time and exposure has to be done at
substantial pressures in order to obtain sufficient coverage of graphene
overlayer on Cu surfaces19,26,42. On the other hand, perylene demonstrates high
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effectiveness of conversion into graphene. One reason for the difference
between simple hydrocarbons and perylene in the amount of effort required to
form graphene could be related to desorption of these precursor molecules
before thermal decomposition occurs. Another reason could be related to
desorption of carbon entities deposited on Cu surface from these precursor
molecules. Large-size carbon entities are expected to reduce chances of
desorption at growth temperatures. Then perhaps the possible decomposition of
perylene into large-sized carbon entities could be supported from the high
effectiveness of conversion into graphene.
The presence of domains in the present graphene overlayer is a natural
consequence of possible variation in epitaxial orientation upon nucleation.
Therefore domains are manifestations of separate nucleations. The presence of
a large number of domains in small sizes suggests a high rate of nucleation for
the preparation conditions of the present graphene overlayer. Moreover, the
clusters gathered at the edges of the graphene overlayer are perhaps an
outcome of stable nucleation of graphene. Indeed, the measurement of height
in Figure 4-18c for one of the clusters corresponds to the height measurements
for the graphene overlayer. The possible factors considered to exert important
influence on the rate of nucleation include small critical island size, high
concentration of the reactant carbon entities on the surface, presence of step
edges on the substrate surface, and low thermal activation at the growth
temperature.
A small critical island size reduces the required minimum for the number
of collisions with carbon entities hence short periods of time in order to reach a
stable nucleation. The critical island size must be small, a few aromatic nuclei,
as the electron delocalization provides additional stabilization to a hexagonal
network of strong sp2 carbon-carbon bonds. Indeed, the clusters gathered at the
edges of the graphene overlayer can be as small as 0.5 nm. Then the critical
island size for graphene on Cu(110) surface should be not more than a cluster
equivalent to the carbon skeleton of pyrene composed of 4 aromatic rings or 16
carbon atoms. However, the critical island size is expected to be not less than
six carbon atoms otherwise an aromatic unit of the honeycomb structure in
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graphene cannot stand. Suppose the possible formation of carbon entities as
large as the carbon skeleton of naphthalene is a stable nucleation of graphene
on its own, then subsequent combination and capture of these could be
considered more appropriate as a process of dynamic coalescence rather than
nucleation.
A high concentration of carbon entities on the surface reduces the mean
free path between collisions. Hence the distances between nucleation sites are
short. The initial concentration of carbon entities in the present method of
graphene preparation must be high as the effective amount of carbon
equivalent to about a quarter of a monolayer of graphene is pre-adsorbed on
the surface before graphene formation. Suppose the carbon entities could be as
large as the carbon skeleton of naphthalene, then the concentration can be
derived to be at least 0.9 nm-2; however, the concentration cannot be more than
9.5 C-atoms per nm-2 based on calculation of the carbon-atom concentration in
graphene from the basal-plane structure of graphite.
Step edges on the surface in general act as sites for heterogeneous
nucleation. The presence of some considerable amount thereof on the present
substrate surface should effect an increase in the events of stable nucleation.
Note the frequent association of the overlayer to step edges on the Cu surface
as pointed out earlier.
Low thermal activation towards diffusion of carbon entities reduces
displacement on the surface before an event of collision occurs so nucleation
would tend to dominate over incorporation of the carbon entities into the
existent

cluster formations.

Moreover,

low thermal activation

towards

detachment of carbon entities from the existing cluster formations reduces the
effort of development into stable nucleation. Perhaps the amount of thermal
activation at the present growth temperature is low compared to both the
diffusion barrier for the carbon entities on the surface and the strength of sp2
carbon-carbon bonds in the cluster formation. A high diffusion barrier could be
possible when the carbon entities could be as large as the carbon skeleton of
naphthalene. A strong sp2 carbon-carbon bond can be expected as graphene is
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one of the most stable allotropes of pure carbon and is a material known for
stable character and remarkable strength.
The interconnected network formation of the graphene overlayer from
numerous domains and appearance of clusters gathered at the edges suggests
the evolution of graphene formation had reached the stage of coalescence and
percolation. At first, the domains must be somehow separate from one another
as islands at an earlier stage prior to the formation of the present overlayer
because the initial distribution of perylene on the surface is even and uniform.
Later on, the domains must reach a point of contact and then connect all
together into a continuous overlayer. The continuous connection of domains in
the overlayer can be viewed as an effort to reduce the cost of energy
associated with island edges; perhaps some bonds could form despite atomic
mismatch between epitaxial orientations at the interface of adjacent domains.
The nature of coalescence and percolation must be ‘dynamic’ i.e. the supposed
separate islands at an earlier stage must diffuse over the surface, as the spatial
distribution of the domains on the surface is uneven and the sizes of the
domains are too small to reach one another without movement for an even
distribution. Note the present concept of percolation is not in accordance with
the usual sense because the common definition refers to the eventual
interconnection of static islands at high coverages as the growth process
approaches complete monolayer coverage, whereas the coverage of the
present overlayer is much lower; moreover, the description of ‘dynamic’ for the
term then becomes inconsistent in the strict sense of static islands.
The network formation of the present overlayer somehow resembles the
shape of a dendrite and therefore must be unfavourable due to the presence of
an enormous amount of edges. The common mechanism to reduce the edges
of a dendrite and transform into compact islands is diffusion of atoms at the
edges. The persistence of the shape however suggests the thermal activation at
the present growth temperature is too weak to break the carbon-carbon bonds
even at the edges for such diffusion to occur.
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Discussion of Possible Mechanism of Graphene Formation at 1000 K –
1250 K Growth Temperature
The graphene overlayers considered in Section 4.2 correspond to growth
temperatures estimated to be higher than 1000 K. The close agreement
between the statistical distribution of epitaxial orientation in Figure 4-15 and the
LEED pattern in Figure 4-1 for the graphene overlayer prepared at 1250 K
supports the temperature estimation as reasonable. The STM images in Figure
4-5 and Figure 4-6 shows the formation of graphene as compact islands
separated from one another upon increase in growth temperature, in contrast to
the percolated network formation at low growth temperature. Moreover, a
considerable increase in size of domains together with an equivalent decrease
in number is apparent. The differences in graphene formation between low and
high growth temperatures point to morphological evolution of the overlayer with
increased thermal activation, in agreement with the changes in the sharpness of
the LEED pattern as described for Figure 4-16. The morphological evolution is
favourable from the perspective of a reduction in the amount of defects from
edges and domain boundaries.
Possible mechanisms for the morphological evolution are considered.
Dissolution of carbon into the substrate and subsequent segregation of a
graphene overlayer onto the surface is ruled out as a mechanism of reformation
for the meantime, because carbon is known to be insoluble in copper38. Then
the percolated network formation of a graphene overlayer at low growth
temperature must break up into separate portions on the surface and reform
into compact islands with increase in domain size as the temperature ramps
upwards. The common mechanism to a transition in shape from dendritic to
compact is the diffusion of atoms down the edges to find a more favourable site.
However, the mechanism in known to occur in cases where the atomic scale
dimension of the branches of a dendrite make the edges unstable whereas the
network formation of the graphene overlayer at low growth temperature
possesses smooth round edges. The mechanism of edge-diffusion alone
nonetheless cannot be expected to cause considerable change in size and
number of the domains so another process of dominant influence must be at
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work. The increase in size of domains must be at the expense of a reduction in
the number of domains. The mechanism of coalescence does not seem
reasonable as domain boundaries form upon contact between separate
domains at random epitaxial orientations, unless some other processes in
addition merge the domains together into one; the number of domains could be
expected to remain almost the same for such a mechanism. Then the plausible
mechanism could be perhaps some process comparable to Ostwald ripening –
i.e. the growth of domains on the portions of the overlayer with large dimensions
due to a net diffusion flux of carbon entities detached from portions of the
overlayer with small dimensions. The chemical potential has an inverse relation
to the dimensions of an overlayer formation in accordance with the GibbsThompson relation; high chemical potential relates to a high outward pressure
of atoms towards detachment. Notice the percolated network formation of the
overlayer at low growth temperature possesses small dimensions in particular
at the interconnections. Then perhaps there exists a high outward pressure of
atoms at these locations compared to the other portions of the network
formation. Increased thermal activation at high temperatures could raise the
outward pressure to considerable levels and cause the morphological evolution
of the overlayer to proceed.
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4.4 Conclusion to Structural Characterization of
Graphene on Cu(110) Surface Based on
Thermal Decomposition of Perylene
Synthesis of graphene on the Cu(110) surface can be achieved through
thermal decomposition of a saturated monolayer of perylene at high
temperatures up to 1250 K under UHV conditions. The formation of graphene is
confirmed from LEED measurement. The distribution of epitaxial orientation in
the LEED pattern exhibits particular preference for the most stable epitaxial
orientations at ±5° and rotational disorder for the less stable epitaxial
orientations around ±30°; the epitaxial orientation can be specified in terms of
the 〈1,1, 2 ,0〉 direction of graphene with respect to the 〈1,1,0〉 direction on the
surface of (110)-oriented single-crystal Cu substrate. Correlation with the extent
of match in position of real-space lattice points between graphene and Cu(110)
surface provides simple explanation to the distribution of epitaxial orientation.
STM topographic measurements provide images of the formation of
graphene. The effectiveness of conversion of the carbon content from the stage
of pre-adsorption of a saturated monolayer of (5x5)-superstructure perylene
exceeds 50% based on calculation from the surface-area coverage of graphene
islands. The features of the islands demonstrate resemblance to those in
reports of graphene on other well-defined metal surfaces. The actual
superstructures are described in the first approximation as Moiré patterns from
direct superimposition of the component structures in two dimensions at
particular epitaxial orientations. Comparison between the actual superstructures
and the approximations in terms of the nano-scale periodic modulations of
bright and dark stripes in the Moiré patterns allows estimation of epitaxial
orientation. The statistical distribution of epitaxial orientation agrees with the
LEED pattern. The region of the rotational disorder manifests a stable epitaxial
orientation somewhere between │±25°│ and │±30°│, second to the most stable
one at │±5°│.
Graphene overlayer on the Cu(110) surface prepared based on thermal
decomposition of perylene demonstrates different morphologies as the growth
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temperature ramps to high temperatures from LEED and STM measurements.
Increase in domain size and development of preference in epitaxial orientation
has been observed. The epitaxial orientation is predisposed to almost complete
randomness towards low growth temperatures.
The graphene overlayer heated up to a growth temperature lower than
1000 K forms an enormous number of minute domains connected together in a
network formation with clusters gathered at the edges. The formation has been
considered as an outcome of dynamic coalescence and percolation,
subsequent to a large amount of nucleation under the possible factors of small
critical island size, high concentration of reactant carbon species, complex
structure for the reactant carbon species, low thermal activation, and the
presence of step edges on the surface. The presence of a large amount of
edges in view of the network formation has been considered as a manifestation
of kinetic suppression due to the well-known strength of carbon-carbon bonds in
graphene and low thermal activation at low growth temperature. Moiré
superstructures have been observed even for the stage of growth at low
temperature and determination of the epitaxial orientation has been possible
from the large-scale stripe patterns. Variation in the extent of image resolution
has been observed for different epitaxial orientations; pronounced resolution of
the honeycomb structure has been observed for epitaxial orientations close to
±30°. The measured height of the overlayer has been found to be inconsistent
but nonetheless remains no more than equivalent to a single layer. The
overlayer has been found to be continuous over step edges on the Cu surface
underneath even for the stage of growth at low temperature.
The graphene overlayer heated to a growth temperature above 1000 K
has been observed as a few number of compact islands with sizeable domains.
Persistence of randomness in epitaxial orientation despite high growth
temperature has been associated with a substantial amount of carbon
accessible for graphene formation. The morphological differences between the
growth temperatures has been considered as an outcome of evolution based on
a mechanism in the principle of Gibbs-Thompson relation – a net flow of carbon
between separate islands or portions of the overlayer with different dimensions.
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The outcome of the measurements is a proof of possible opportunities.
Prospects for further work on graphene on Cu(110) surface can include Raman
spectroscopic measurements for chemical identification of graphene existence,
theoretical studies of the energetics of epitaxial orientation, and further
investigations on the morphological evolution in more detail. Other prospects for
possible topics of future investigation on the formation of graphene on Cu(110)
based on thermal decomposition include the quantitative determination of
fundamental factors in the process of nucleation and growth, and the effects of
variations in the process variables – in particular, the structure of the carbon
skeleton in the hydrocarbon precursor, the pre-adsorption in comparison to the
real-time deposition of hydrocarbon precursors, the effective amount of preadsorbed carbon before growth temperature ramp, the growth temperature, and
the graphene coverage. Perhaps on one extreme end in the spectrum of control
for graphene growth, one can envision a graphene overlayer whose domains
are so small to be considered almost amorphous. A matter of possible interest
in the aspect of chemical modification is the introduction of some heteroaromatic groups into the hydrocarbon precursor to attempt insertion of some
dopants into the graphene overlayer.
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Chapter 5
Self-Assembled Co-TPP Superstructure on Submonolayer Graphene on Cu(110) Surface
This chapter introduces facts about the chemical structure and molecular
structure of Co-TPP. The next section presents the outcome of STM
measurements of a Co-TPP overlayer on sub-monolayer graphene on Cu(110)
surface. The sub-monolayer graphene is prepared based on the method of
thermal decomposition of perylene as described in Chapter 4. The present
studies describe the growth of the Co-TPP overlayer, the self-assembled CoTPP structure on top of graphene islands, and the self-healing character of the
self-assembled Co-TPP superstructure.

5.1 Related Facts about Co-TPP
The chemical structure of cobalt-tetraphenylporphyrin (Co-TPP) is shown
in Figure 5-1. Porphyrins are defined in general as hetero-aromatic organic
compounds composed of four pyrrole subunits interconnected together into a
large flat macrocycle and are modified through attachment of some chemical
functions to certain carbon atoms at the edges and coordination of a metal atom
at the core. The hetero-aromatic porphine skeleton is flexible but stable and
inert to most chemical reactions. The delocalized nature of valence electrons in
the conjugated π-orbitals makes porphyrins an organic semiconductor material1.
The two locations for possible modification of the compound are the key
features to allow wide variation in functional properties. The coordinated metal
at the centre assumes the role of an active site and can interact with the surface
of a substrate support and bind some additional axial ligands. Substituents at
the edges of the porphine base possess rotational degrees of freedom. Proper
choice of these substituents together with the flexible porphine base allows for
conformational adaptation of the molecule to the local environment. For CoTPP, the substituents are four phenyl moieties attached to carbon atoms at
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symmetrical points on the edges of the porphine macrocycle and the guest
atom at the centre of the porphine macrocycle is cobalt.

Figure 5-1. Chemical structure of 5,10,15,20-tetraphehyl-21H,23H-porphine cobalt(II) –
also known as cobalt-tetraphenylporphyrin (Co-TPP).
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5.2 STM Characterization of Co-TPP on Submonolayer Graphene on the Cu(110) Surface
Growth of Co-TPP Overlayer
STM measurements were performed at intervals between periods of CoTPP deposition on sub-monolayer graphene on the Cu(110) surface. Figure 5-2
shows Co-TPP molecules accumulate on the bare Cu surface around graphene
islands in the initial period of deposition. The distribution of molecules is almost
uniform on the bare Cu surface as can be seen from the overview in Figure
5-2a. In contrast, no adsorption is imaged on top of graphene islands as can be
seen from the close-up view in Figure 5-2b. Molecules on top of graphene
islands could be too mobile or unstable under the STM tip. Indeed, observation
of somewhat enhanced accumulations around edges of graphene-islands could
be due to molecules adsorbed on top of graphene islands which moved from
there later on. The STM images in Figure 5-2c and Figure 5-2d are obtained in
succession at the same location on the Cu surface near an edge of the
graphene island; mobile behaviour of Co-TPP molecules on the Cu surface is
evident from changes in the distribution of the adsorbed molecules. Graphene is
inert to some extent – a reason to expect pronounced mobile or unstable
behaviour from molecules on top of graphene islands.
Subsequent

STM

measurements

show

molecules

continue

to

accumulate on the Cu surface around graphene islands with increased
exposure. The overview in Figure 5-3a and the close-up view in Figure 5-3b
show molecules almost saturate the entire Cu surface whilst the top of
graphene islands remains free of molecules. Further deposition leads to
formation of self-assembled superstructure of Co-TPP molecules on top of
some graphene islands but almost no obvious addition to the accumulation on
the Cu surface as shown from the overview in Figure 5-3c and the close-up
view in Figure 5-3d. Past report of experiment in adsorption of Co-TPP on
Cu(110) surface mentioned several distinct superstructures can form2. Here the
Co-TPP molecules on the Cu(110) surface can be seen to form aggregates of
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a

b

c

d

Figure 5-2. STM topographic images of Co-TPP molecules on sub-monolayer graphene
on Cu(110) surface at initial period of deposition: (a) 2000 Å x 2000 Å image to show
overview of accumulation of Co-TPP molecules on Cu(110) surface around graphene
islands; (b) 1000 Å x 1000 Å image to show close-up view of emptiness on top of
graphene islands; (c), (d) 300 Å x 300 Å images in succession at same location, around
an edge of the graphene island at the upper right corner of the image, to show mobile
behaviour of Co-TPP molecules on Cu(110) surface from the variation in distribution of
molecules. STM measurements were performed at U = +1000 mV and I = 0.20 nA.

some superstructures. However, details of these superstructures on the bare
areas of the Cu(110) surface are not the focus of the present studies.
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d
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<110>

Figure 5-3. STM topographic images of Co-TPP molecules on sub-monolayer graphene
on Cu(110) surface after continued periods of deposition: (a) overview in 1500 Å x 1500 Å
image, (b) close-up view in 1000 Å x 1000 Å image to show almost saturation of Co-TPP
molecules on Cu(110) surface around graphene islands whilst emptiness remains on top
of graphene islands; (c) overview in 2000 Å x 2000 Å image, (d) close-up view in 1000 Å x
1000 Å image to show formation of self-assembled superstructure of Co-TPP molecules
on top of some graphene islands but almost no obvious addition to the accumulation on
the Cu surface after further deposition. STM measurements were performed at U = +1816
mV and I = 0.20 nA except for the image in (d) at U = +874 mV and I = 0.40 nA.
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Self-Assembled Co-TPP Superstructure on Graphene Islands
STM measurements of self-assembled superstructure of Co-TPP
molecules on graphene were focused on two separate islands. The first set of
measurements were made on the island in Figure 5-4a. Close-up view of the
Co-TPP superstructure is shown in Figure 5-4b. The superstructure is described
in a rectangular unit cell, where a1 measures a distance of 15.5 ± 1.5 Å at +30°
from the <110> direction of the Cu(110) surface and b1 measures a distance
13.5 ± 1.3 Å at -60° from the <110> direction. The unit cell occupies a mean
area of 209 Å2 (171 Å2 – 252 Å2). For comparison, the Co-TPP superstructure
on Ag(111) surface has been described as incommensurate in a square unit cell
of 14.0 Å in dimensions and 196 Å2 in area3. On a more-reactive Cu(110)
surface, a prominent Co-TPP superstructure has been described as
commensurate in an oblique unit cell of parameters 15.3 Å, 16.9 Å in
dimensions, 45° in included angle, and 184 Å2 in area2. Note each of the unit
cells accommodates one Co-TPP molecule so the dimensions of the unit cells
correspond

to

the

intermolecular

distances.

Comparison

reveals

the

intermolecular distances on graphene and Ag(110) are somewhat short
compared to those on Cu(110) surface but the Co-TPP superstructure is most
dense-packed on Cu(110) surface and least dense-packed on graphene.
Perhaps the reason for these observations could be related to the moleculesubstrate interaction as Cu(110) surface is the most reactive whilst graphene is
the most stable and almost inert.
The STM measurements alone are not adequate to make the facts on
the molecular orientation and the 3D molecular conformation clear despite the
resolution of sub-molecular features. On Ag(111) surface, the porphine
macrocycle has been reported to possess a saddle-shape conformation3. On
Cu(110) surface, the porphine macrocycle has been reported almost planar
whilst the phenyl substituents stand upright on the surface to allow π-interaction
between adjacent Co-TPP molecules2. The conformation on graphene can be
different from those on metal surfaces as the set of interactions in the complex
system of Co-TPP on graphene on Cu(110) surface can be distinct from those
on metal surfaces. Unlike metal surfaces, graphene can interact with porphyrins
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Figure 5-4. STM topographic images around self-assembled superstructure of Co-TPP
molecules on top of graphene island on Cu(110) surface: (a) overview in 500 Å x 500 Å
image, measured at U = +1816 mV and I = 0.20 nA; (b) the self-assembled superstructure
of Co-TPP molecules in 93 Å x 93 Å image, measured at U = +76 mV and I = 0.20 nA,
corrected with calibration factors X = 0.934 and Y = 1.495 for 100 Å x 100 Å image scans;
(c) the stripe-patterned modulation of the Moiré superstructure for the graphene island
around the self-assembled Co-TPP superstructure in 295 Å x 367 Å image, measured at U
= +76 mV and I = 0.20 nA, corrected with calibration factors X = 0.984 and Y = 1.224 for
300 Å x 300 Å image scans; (d) atomic-resolution 46 Å x 58 Å image of the Moiré
superstructure, measured at U = +141 mV and I = 0.20 nA, corrected with calibration
factors X = 0.927 and Y = 1.771 for 50 Å x 50 Å image scans.

in terms of π-π interactions. Formation of chemical bonds to graphene is possible
for porphyrins4,5. The substrate support to the graphene overlayer and
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Figure 5-5. High-resolution 46 Å x 46 Å STM topographic images of the Co-TPP
superstructure on graphene at various tunneling voltages at I = 0.20 nA, corrected with
calibration factors X = 0.927 and Y = 1.771 for 50 Å x 50 Å image scans: (a) U = +76 mV;
(b), (c) U = +141 mV; (d) U = +258 mV; (e) U = +874 mV; (f) U = +1816 mV.
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the coordinated metal atom can influence the interaction between porphyrins
and graphene6,7. Further elucidation can be found from theoretical calculations.
Recent developments in DFT calculations account for the influence of substrate
support to adsorption of porphine on the Moiré superstructure of graphene5.
Figure 5-5 shows high-resolution images of the Co-TPP superstructure at
different tunneling voltages for future reference.
Figure 5-4a also shows the Co-TPP superstructure does not cover a
portion of the graphene island but faint stripes akin to a Moiré pattern can be
observed. Indeed, Figure 5-4c shows a clear view of the stripes whilst a portion
of the Co-TPP superstructure can be seen at the lower-right corner of the
image. The atomic-resolution image in Figure 5-4d shows the stripe-patterned
modulation comes from the Moiré superstructure of an exposed area of the
graphene island around the Co-TPP superstructure. The observation of the
Moiré superstructure is not trivial but establishes a proof of one important fact
i.e. the absence of Co-TPP superstructure is real and not just an effect of the
STM-tip condition. Therefore, whenever the Co-TPP superstructure does not
cover an area of a graphene island, the area can be considered free of Co-TPP
superstructure and the chances of an STM-tip effect can be considered
improbable. The period of separation between stripes measures about 25 ± 3 Å
after use of post-calibration factors. The direction of the stripes is oriented on
the surface at about +43° from the <110> direction on the surface of the Cu
substrate. The epitaxial orientation of the graphene island can therefore be
estimated to be about +10°.
The second set of measurements were made on the island in Figure 5-3c
and Figure 5-3d. Close-up view of the Co-TPP superstructure is shown in
Figure 5-6a. The superstructure is described in a rectangular unit cell, where a2
measures a distance of 17.0 ± 1.7 Å at +25° from the <110> direction and b2
measures a distance 13.3 ± 1.3 Å at -65° from the <110> direction. The
dimensions of the unit cell agree with those of the first superstructure in the
limits of precision, but certain differences between the two superstructures can
be pointed out. First, the superstructure orientations possess a minor difference
of 5°. Second, the dimension of a2 is longer than the dimension of a1 to some
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Figure 5-6. High-resolution STM topographic images of Co-TPP superstructure on
graphene in another island: 93 Å x 133 Å images, measured at (a) U = +874 mV and I =
0.40 nA, (b) close-up view of (a) in 46 Å x 66 Å image, measured at U = +874 mV and I =
0.40 nA, (c) U = +292 mV and I = 0.20 nA, (d) U = +258 mV and I = 0.20 nA. The images are
corrected with calibration factors X = 0.934 and Y = 1.495 for 100 Å x 100 Å image scans,
and with calibration factors X = 0.927 and Y = 1.771 for 50 Å x 50 Å image scans.
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extent. Third, the sub-molecular view in Figure 5-6b shows features different
from those in Figure 5-5. Other measurements for the superstructure are shown
in Figure 5-6c and Figure 5-6d but the features also cannot compare to the
features of the first superstructure. These facts suggest the two superstructures
described here are not identical to each other and Co-TPP molecules perhaps
form diverse superstructures on graphene from subtle differences to one
another. No measurement was made for the stripe-patterned modulation on the
graphene below the second superstructure so as a consequence no comment
on the role of Moiré superstructure on the formation of Co-TPP superstructure
can be made so far. Past reports show the Moiré superstructure of graphene
can influence the location of adsorption and can act as a template to formation
of molecular superstructures8–13. Nonetheless, the organization of the achiral
Co-TPP molecules is chiral with respect to the stripe-patterned modulation of
the Moiré superstructure on the Cu(110) surface. The complex system of CoTPP molecules on graphene on the (110)-oriented Cu substrate therefore
represents a double chiral structure.
Figure 5-7a and Figure 5-7c show the order in the Co-TPP
superstructures are continuous even across surface steps. Figure 5-7a
corresponds to the second superstructure whilst Figure 5-7c corresponds to the
first superstructure. The Figure 5-7b shows the height profile to the scan line in
Figure 5-7a. The change in height corresponds to a mono-atomic step. On the
other hand, the height profile in Figure 5-7d for the scan line in Figure 5-7c
shows no less than bi-atomic step. The latter suggests the continuous character
of Co-TPP superstructure on graphene is independent of the topographic nature
of the Cu(110) surface.
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Figure 5-7. STM topographic measurements to show the continuous character of Co-TPP
superstructure on graphene over Cu(110) surface steps. (a) 295 Å x 367 Å image over a
mono-atomic step, measured at U = +1816 mV and I = 0.20 nA; (b) height profile for the
scan line over the surface step in (a); (c) 295 Å x 367 Å image over a multi-atomic step,
measured at U = +141 mV and I = 0.20 nA; (d) height profile for the scan line over the
surface step in (c). The images are corrected with calibration factors X = 0.984 and Y =
1.224 for 300 Å x 300 Å image scans.
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Intrinsic Self-Healing Character of Self-Assembled Co-TPP Superstructure
Repeated STM measurements were performed on one island of the CoTPP superstructure on top of a graphene island. The sequence of events in
Figure 5-8 shows some part of the Co-TPP superstructure ceases to exist for
some reason at one point in time but tends to reform afterwards. In other words,
the evidence demonstrates Co-TPP molecules on graphene can re-assemble
into the superstructure from demolition, hence the potential for application as a
self-healing material in two dimensions. Another sequence of events in Figure
5-9 shows the Co-TPP superstructure reproduces an extension to another
location and ceases to exist at one location.
The STM tip proves to be the source of demolition from a number of
evidences. Figure 5-10 shows an overview and close-up views from scans in
various directions to demonstrate the island edge of the superstructure tends to
be parallel to the horizontal direction of scan as the dashed lines indicate.
Perhaps, the observation also demonstrates the concept of creating nanopatterned self-assembled superstructure under the manipulation of STM is
possible. Figure 5-11 shows an example of dual scans in both forward and
backward directions. A clear increase in size of the superstructure island can be
seen towards the horizontal direction for the backward scan in comparison to
the forward scan from the overviews in Figure 5-11a and Figure 5-11b. The
image is jagged and blurred around the edge where the STM tip crosses onto or
out of the superstructure island as can be seen from the close-up views in
Figure 5-11c and Figure 5-11d. These observations show STM tip tends to
move Co-TPP molecules and demolish the superstructure as the scan
approaches the island edge in both directions. The demolition becomes
improbable when the scan has moved onto or is restricted on the island from
the edges. The increase in size of the superstructure island in the backward
scan in comparison to the forward scan presents two facts. One is the step-up
approach of the STM tip across the island edge in the forward scan causes
more demolition than the step-down departure from the top of the island in the
backward scan. The other is the Co-TPP molecules tend to re-assemble into
the superstructure from the demolition after the STM tip crosses onto the
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Figure 5-8. Sequence of 500 Å x 500 Å STM topographic images of self-assembled
superstructure of Co-TPP molecules on top of graphene island on Cu(110) surface at
same location to show the superstructure tends to recover from demolition. STM
measurements were performed at 45°-scan direction, U = +1816 mV, and I = 0.20 nA.

superstructure island in the forward scan in the meantime whilst the STM tip is
over the island before the backward scan steps down from the island. Figure
5-12 shows measurements at reduced voltages of 141 mV for (a) and 76 mV for
(b). The same island in Figure 5-11 was measured at 1816 mV. These
measurements show reduction in voltage decreases the island size and
increases the extent of blur in the Co-TPP superstructure from the island edges
towards the interior of the island. One can expect further reduction in voltage
would lead to complete demolition of the island. The sequence of events in
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Figure 5-9. Sequence of STM topographic images of self-assembled superstructure of
Co-TPP molecules on top of graphene island on Cu(110) surface around same location to
show the superstructure reproduces an extension to another location but ceases to exist
at one location: (a) – (c) 800 Å x 800 Å image; (d) 1000 Å x 1000 Å image. STM
measurements were performed at U = +141 mV and I = 0.20 nA.

Figure 5-13 shows measurements for voltage decrease from 910 mV to 269 mV
and subsequent increase to 874 mV and demonstrates the superstructure can
recover from partial demolition upon reversion of voltage. For the island in
Figure 5-13, the demolition starts below 495 mV and complete demolition can
be expected below 269 mV.
The exact reason for the demolition is unknown. One could expect the
demolition of the superstructure must come from increased mechanical contact
as the STM tip narrows down the distance to the surface. Whilst voltage affects
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Figure 5-10. STM topographic images of self-assembled superstructure of Co-TPP
molecules on top of graphene island on Cu(110) surface at various scan directions at
same location to demonstrate evidence of influence from the STM tip as the island edge
of the superstructure tends to be parallel to the horizontal direction of scan: (a) overview
in 1000 Å x 1000 Å image at 0°-scan direction; close-up view in 500 Å x 500 Å image at (b)
0°, (c) 45°, (d) 60°-scan direction. The dashed lines indicate the island edge of the Co-TPP
superstructure. STM measurements were performed at U = +1816 mV and I = 0.20 nA.

the distance between STM tip and surface to some extent, one can remember
the current holds the main control. However, mechanical contact does not seem
to be the main reason for the demolition as Figure 5-13d shows the island
recovers back to the original size in Figure 5-13b despite the tunneling current
at 0.4 nA not returned to 0.2 nA. The observation suggests decrease in voltage
effects demolition of the superstructure for some other reason.
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Figure 5-11. STM topographic images of self-assembled superstructure of Co-TPP
molecules on top of graphene island on Cu(110) surface at same location to show the
STM tip tends to move Co-TPP molecules and demolish the superstructure as the STM
tip crosses onto or out of the superstructure island, but demolition becomes improbable
when the scan has moved onto or is restricted on the island from the edges. Moreover,
the step-up approach of the STM tip across the island edge causes more demolition than
the step-down departure from the top of the island, but the Co-TPP molecules tend to reassemble into the superstructure from the demolition after the STM tip crosses onto the
superstructure island in the meantime whilst the STM tip is over the island. Overview in
500 Å x 500 Å image for (a) forward scan and (b) backward scan; close-up view in 200 Å x
200 Å image for (c) forward scan and (d) backward scan. STM measurements were
performed at U = +1816 mV and I = 0.20 nA.
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Figure 5-12. 400 Å x 400 Å STM topographic images of self-assembled superstructure of
Co-TPP molecules on top of graphene island on Cu(110) surface around same location to
demonstrate evidence of influence from the STM tip as reduction in tunneling voltage
decreases the island size and increases the extent of blur in the Co-TPP superstructure
from the island edges towards the interior of the island. Measurements at: (a) U = +141
mV and I = 0.20 nA; (b) U = +76 mV and I = 0.20 nA.
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Figure 5-13. Sequence of 700 Å x 700 Å STM topographic images of self-assembled
superstructure of Co-TPP molecules on top of graphene island on Cu(110) surface
around same location to show demolition of the superstructure at decreased tunneling
voltage but can recover upon reversion of voltage. Demolition for the particular island
starts below 495 mV and complete demolition can be expected below 269 mV: (a) U =
+910 mV and I = 0.20 nA; (b) U = +495 mV and I = 0.20 nA; (c) U = +269 mV and I = 0.40
nA; (d) U = +495 mV and I = 0.40 nA; (e) U = +874 mV and I = 0.40 nA. The increase in
tunneling current does not seem to exert much influence.
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5.3 Conclusion to Self-Assembled Co-TPP
Superstructure on Sub-monolayer Graphene
on Cu(110) Surface
The growth of a Co-TPP superstructure on top of graphene islands is
observed upon adequate accumulation of the molecules on the Cu(110)
surface. The superstructures possess subtle deviation from each other, but in
essence consist of one molecule in a rectangular unit cell and are continuous
over surface steps. Demolition of the superstructure happens as the STM tip
crosses the edge of the superstructure islands and becomes more effective at
reduced tunneling voltages. However, the Co-TPP molecules on graphene tend
to re-assemble into the superstructure from demolition – in other words, the
behaviour demonstrates possible application as a self-healing material in two
dimensions.
Prospects for further work on Co-TPP on sub-monolayer graphene on
Cu(110) surface can include exploration of the Co-TPP superstructure in
relation to the Moiré superstructure and theoretical studies to elucidate the
details of the Co-TPP superstructure, and the intermolecular and moleculesubstrate interactions.
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