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Abstract
Graphene, a two-dimensional allotrope of carbon, has, since its discovery in 2004, taken
the world of physics by storm. With its exceptionally high charge-carrier mobility, thermal
conductivity, mechanical strength and current density, it has been posited as a serious contender
to replace silicon in the semiconductor industry. However, its application in practical electronic
circuits require means of opening a sizeable gap in its band-structure and precise control of its
d op ing . Larg e org anic mol e cu l e s p hy s is orbe d o n g rap he ne of f e r a f ac il e ro u t e t o cont rol l abl y d o p e
graphene without sacriﬁ cing its desirable properties. Under the right conditions these molecules
can self-assemble on the surface into periodic, two-dimensional structures and the potential
modulation set up thus can potentially lead to opening a band-gap in graphene. Moreover, the
electronically inert surface of graphene offers an inte resting substrate on which the fundamentals
of molecular self-assembly and the electronic properties of the molecules can be studied in detail.
This is very important for the potential application of two-dimensional molecular crystals in
"bottom-up" fabrication strategies.
In this thesis, the structure and electronic properties of self-assembled layers of organic
molecules physisorbed on graphene are studied using ultra-high vacuum, low-temperature
scanning tunne ling microscopy and spe ctroscopy. First, the asse mbly of cobalt phthalocyanine on
technologically relevant graphene-on-insulator substrates is examined. A direct parallel is
established between assembling motifs on graphene on hexagonal boron nitride and epitaxial
graphene on iridium; the higher surface corrugation of graphene on silicon dioxide is found to limit
the long-range order of the assembly. Next, going beyond conventional studies of close-packed
assembly of molecules interacting via van der Waals forces, assemblies driven by directional
intermolecular interactions is studied on graphene on iridium. The 3-fold symmetric molecule
benzenetribenzoic acid is seen to assemble into extended honeycomb mesh on graphene, with the
network being stabilised by linear hydrogen bonds between the molecules; the periodic nanopores
are used to pattern the subsequent deposition of cobalt phthalocyanine. The strong electron
acceptor tetraﬂuorotetracyanoquinodimethane has been proposed as a p-type dopant for graphene;
at lo w c ove rag e , it s as s e mbl y o n g rap he ne o n irid iu m is obs e rve d t o be marke d l y s it e -s p e ciﬁ c . The
molecules are charged and show pronounced structural relaxation, pointing towards a novel
bonding mechanism on weakly interacting graphene. Finally, exploratory transport experiments
on g rap he ne ﬁ e l d -e f f e ct t rans is t ors d e co rat e d w it h a varie t y of mol e cu l e s re ve al t he ir e f f e ct o n t he
charge-carriers of graphene.
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moments. A warm word of gratitude to my newly acquired family in
Finland, and to my extended family in India for their good wishes. And
finally, to my mother Bhaswati, my father Basudeb, my brother Dhrubak,
and my wife Leena – thank you all for being the shoulder, the shadow and
the sole reason why any of the following pages ever happened.
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Kaustuv Banerjee
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1. Introduction

The last few decades has seen some astounding technological progress
and the field of electronics has arguably been the front-runner.

The

rapid advancement in this area has been made possible by the ability
to process and store information in an ever-shrinking network of circuits.
However, with the ever-expanding volume of information challenging the
very physical limit of semiconductor based devices, which have been the
workhorse of this electronic age, the information age may die a premature
death. Though physicists and engineers have thwarted this eventuality
by means of innovative design and choice of materials, the time to rethink
silicon as the materia prima of the electronic industry is looming large. A
new class of purely two-dimensional crystals, led by the wonder material
graphene, is a forerunner in this respect.
Graphene is a single, two-dimensional (2D) layer of carbon atoms
arranged in a honeycomb lattice.

This 2D allotrope of carbon is the

basic building block for graphitic material of all other dimensionalities
viz., fullerenes (0D), carbon nanotubes (1D) and graphite (3D). A
theoretical description of graphene’s “unusual” band structure (more
about it would be discussed shortly) was already given in 1947 [1]. At
that time, a free-standing two-dimensional layer was not considered to
be thermodynamically stable [2]. Although surface scientists have been
studying the growth of “single-layer graphite” on the surface of transition
metals in vacuum since the late sixties [3], strong interaction with the
supporting substrate prevented the study of the fundamental electronic
properties of graphene. This changed with the experimental isolation of
graphene in 2004 by Novoselov et al. [4] and led to enormous experimental
activity to understand its unique properties. Furthermore, it led to the
discovery of many other atomically thin crystals e.g., hexagonal boron
nitride (hBN), transition metal dichalcogenides (TMDCs) [5, 6] thereby
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raising the hope of an age of electronic devices based on purely twodimensional materials [7].
The conventional means of fabricating electronic devices on the active
material, either silicon or graphene, is the “top-down” approach.

It

consists of tailoring the material by means of lithography, etching, ionimplantation etc to produce the desired features.

However, it lacks

the atomic level control over feature sizes that will be required in the
foreseeable future [8]. One of the proposed ways to design atomically
precise structures is molecular self-assembly. Molecular self-assembly
is the spontaneous formation of molecules into stable and well-defined
structures facilitated by local but non-covalent interactions [9]. It lies
at the heart of many biological processes in nature and only recently
researchers have realised the vast potential of this “bottom-up” method
of engineering molecular structures on surfaces for targeted applications
[10]. Although molecular materials have been used to develop flexible
optoelectronic devices, solar cells, gas sensors etc, utilising the full
potential of organic electronics require a deeper understanding of the
crystallisation and electronic properties of molecules on surface [11].
Investigation of the basic principles behind two-dimensional molecular
assembly on atomically smooth surfaces is currently a hotly researched
topic [12, 13]. As will be explained shortly, graphene, by virtue of its
chemical inertness, is an excellent substrate on which the fundamentals
of self-assembly and intermolecular interactions can be understood in
more detail than on reactive, transition metal surfaces which have
been used traditionally for such studies.

Furthermore, the use of

graphene as a supporting layer facilitates better understanding of the
electronic properties of the molecular adlayer. Finally, and perhaps most
importantly, ordered layer of molecules physisorbed on graphene can be
used to modify its band-structure for use in nano-electronics. Graphene is
a semi-metal and its use in electronic circuits requires opening a sizeable
gap in its band-structure. Being an “all-surface” material, graphene is
also prone to unintentional doping from the ambient and a secure control
over its doping level would be necessary. Molecular self-assembly is one
of the proposed ways to achieve these ends without sacrificing graphene’s
desirable electronic properties [14].
In this thesis two-dimensional self-assembly of various organic
molecules, physisorbed on graphene, has been investigated experimentally. The structural and electronic properties of the molecular layer
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have been probed with the aid of low-temperature scanning tunneling microscopy and spectroscopy (LT-STM/STS) in ultra-high vacuum (UHV).
Whereas STM allows for direct visualisation of individual atoms and
molecules on a conductive surface, information about the local density
of states of the surface and the molecular orbitals of the adsorbate can
be derived from STS. The use of cryogenic and UHV conditions ensures
immobilisation of the adsorbates and cleanliness of the surface, respectively. The effect of the molecular layer on the electronic properties of
graphene has been studied by transport measurements in UHV and at
low-temperatures on graphene field-effect transistors (FETs) decorated
with molecules.
The rest of the thesis is organised as follows.

In Chapter 2 the

electronic properties and synthesis strategies of graphene pertaining
to this thesis are discussed, followed by a brief literature review of
molecular assembly on graphene. The operating principle of the various
experimental techniques and tools used in this thesis is described in
Chapter 3. In Chapter 4 a description of the results obtained in this
thesis is presented. Finally, the results are summarised and put into the
broader perspective of possible application and future research directions
in Chapter 5.
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2. Graphene

2.1

Electronic properties

Graphene is an unique material in many respects – it is one of the
strongest materials, it is impermeable to all gases, it has a very high
thermal conductivity, it has an almost frequency independent optical
transmittivity of ∼97.7 %, it can sustain extreme current densities etc
[15]. Nevertheless, it is graphene’s unique electronic properties that have
attracted the most interest – a comprehensive review can be found in
Ref. [16]. The fascinating electronic properties of graphene are a result of
its band structure. Graphene basically consists of sp2 hybridised carbon
atoms in a honeycomb lattice. Each carbon atom shares a σ bond with its
three neighbours – the nearest neighbour distance is a ≈ 1.42 Å. The σ
band is fully occupied and forms a deep valence band. The unaffected, outof-plane pz -orbitals of each atom hybridise together to form delocalised
π (bonding) and π ∗ (anti-bonding) bands.
electron, the

π∗

As each p-orbital has one

band is empty. Most of the unusual electronic properties

of graphene stem from these bands.

Figure 2.1. (a) Honeycomb lattice, and (b) the corresponding Brillouin zone of
graphene. (c) Band structure of graphene with a zoom-in showing the linear
dispersion near the Dirac points.

A more quantitative picture of graphene’s band structure can be derived
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from its lattice structure.

Graphene’s honeycomb structure can be

visualised as two interleaving, equivalent triangular lattices of carbon
(shown as A and B in Fig. 2.1a). An alternate way of viewing it would be
a triangular lattice with a basis of two atoms per unit cell. The lattice
√
√
vectors are a1 = a/2(3, 3) and a2 = a/2(3, − 3). In the discussion
of electronic properties of graphene, the two inequivalent corner points
√
K and K0 (at 2π/3a(1, ±1/ 3) in the momentum space) of graphene’s
Brillouin zone (shown in Fig. 2.1b), are of particular importance. They
are called Dirac points and as shall be seen shortly, the physics of
charge carriers in graphene mostly revolve around these points. The
band dispersion of graphene under the nearest neighbour, tight-binding
approach can be expressed as:

v
u
u
√
E± (k) = ±tt3 + 2 cos( 3ky a) + 4 cos

√

!


3
3
ky a cos
kx a
2
2

(2.1)

Here t ≈ 2.8 eV is the nearest neighbour hopping energy and k =
kx x̂ + ky ŷ is the wave vector. The plus sign is for the π ∗ (upper) and
the minus sign is for the π (lower) band. As can be seen from the band
structure of graphene given in Fig. 2.1c the spectrum is symmetric around
Ek = 0 with the valence and conduction band touching at the Dirac points.
Additionally, as the Fermi energy for neutral graphene lies at the zero
energy, graphene is essentially a zero gap semiconductor. When Eq. 2.1
is expanded close to the Dirac points (i.e. the vectors K or K0 ) the band
structure of graphene takes the form:
E± (k) = ±~vF |k − K| + O((q/K)2 )

(2.2)

where ~ = h/2π is the reduced Planck constant, and vF = 3ta/2 ≈ 106 m/s
is the Fermi velocity. Thus, near the Dirac points graphene has a conical
band structure as shown in the zoom-in image to the right side of Fig. 2.1c.
Therefore, in addition to being a zero-gap semiconductor the charge
carriers in graphene have a linear energy dispersion and has a Fermi
velocity that is about 1/300 of the velocity of light. This is in contrast to
traditional semi-conductors which have a quadratic dispersion. The lowenergy linear dispersion of graphene’s charge carriers given by Eq. 2.2 is
identical to that of massless Dirac fermions described by the Hamiltonian:
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0

H = ~vF 
kx + iky

kx − iky
0


 = ~vF σ.k

(2.3)

where σ is the vector of Pauli matrices in 2D. This linear dispersion
approximation holds for carriers within roughly an electron-volt (eV)
around the Dirac point, leading to a cut-off wave vector of approximately
0.25 nm−1 with respect to the Dirac point. The existence of the equivalent
sub-lattices A and B means that each contribute to one branch of the
dispersion – this gives the charge carriers contributed by each sublattice a
unique pseudospin quantum number. In addition to this chirality, charge
carriers in graphene, by virtue of being Dirac fermions, are not bound
by electrostatic potential. An electron-like carrier, when faced with a
potential barrier transforms into a hole-like carrier and tunnels through
it. This phenomenon is called Klein tunneling and it is another unique
aspect of graphene’s electronic transport properties.
One of the crowning achievements of Geim et al, over and above isolating
and identifying graphene, was to fabricate field-effect transistors (FETs)
from graphene to demonstrate some of its unique electronic properties via
transport measurements. A schematic of the structure of a two-terminal
graphene transistor is given in Fig. 2.2a. Source and drain electrodes
(usually made of gold) are fabricated on a graphene sheet deposited on
an oxidised, degenerately doped silicon chip (SiO2 /Si). The silicon acts
as a universal back-gate and application of an external electrical field to
it (the gate voltage Vg ) causes accumulation of charge carriers (electrons
or holes, depending on the polarity of Vg ) in graphene. The magnitude
of carrier concentration n can be deduced from a simple parallel-plate
capacitor model as |n| = d 0 Vg /td e where e is the elementary charge,
d 0 is the dielectric permittivity and td is the dielectric thickness. The
charge density tunes the Fermi level (EF ) from its equilibrium position
p
of graphene according to the relation |EF | = ~vF π|n| [17]. As shown
in Fig. 2.2b, a positive gate voltage causes accumulation of electrons in
graphene (EF above Dirac point i.e. n-type doping) whereas application
of negative gate voltage causes accumulation of holes in graphene (EF
below Dirac point i.e. p-type doping). Increasing Vg causes an increase in
conductivity due to more available states. Thus, transfer characteristics
of a graphene transistor is marked by a high resistivity at zero Vg , with
a rapidly falling resistivity on either side, as shown in Fig. 2.2b. This
ambipolar field-effect is a defining characteristic of graphene.
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Figure 2.2. (a) Schematic of a 2-terminal graphene FET on a SiO2 /Si substrate.
(b) Ambipolar ﬁeld effect in graphene with the insets showing the change in EF
with applied Vg (Reprinted with permission from [18]).

An interesting aspect of this behaviour is the non-zero conductivity
of graphene when its EF is aligned with the Dirac point – with
a vanishing density of states, at this charge neutrality point (CNP)
graphene’s conductivity should be zero. However, theoretical calculations
point out a universal, quantum-limited, ballistic conductivity of σmin ≈
4e2 /πh for graphene at CNP [19].

This has indeed been conﬁrmed

with cryogenic experiments done on high-quality (i.e., clean, high
mobility and low contact resistance), ballistic graphene samples with
a high width to length ratio [20]. Under less-stringent conditions the
minimum conductivity is augmented by thermally generated carriers and
electrostatic inhomogeneities. A high resistivity at CNP is a sign of highquality sample. Another ﬁgure of merit used for graphene FETs, is its
mobility. With a high vF it is not surprising that graphene would have a
high mobility and samples with room-temperature mobility of the order
of 104 -105 cm2 /Vs can be achieved routinely (for comparison, mobility of
silicon is ∼103 cm2 /Vs). A survey of graphene literature will give multiple
ways of calculating mobility e.g., the Drude mobility (μ = 1/enρ, ρ being
the resistivity), the ﬁeld-effect mobility (μF E = (1/C)dσ/dVg , with C being
the gate capacitance), and the Hall mobility (μHall = RH /ρ, where RH is
the Hall coefﬁcient) [21]. All of these formulae diverge at the CNP where
n = 0 and the values of mobility at high carrier concentration (often 1012
cm−2 ) where n is accurately controlled by Vg is usually quoted. A carrier
concentration independent mobility (μconst ) for graphene devices can be
found by ﬁtting the experimentally obtained Rsd − n curve to the following
equation [22]:
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Rsd = Rcontact +

1
1
L
q
W eµconst n2 + n2

(2.4)

i

Here L and W are respectively, the length and the width of the graphene
device, whereas the fitting parameters Rcontact and ni are the contact
resistance and the impurity concentration, respectively.
In contrast to ideal (intrinsic) graphene on which most theory is based
on, experimental (extrinsic) graphene contains defects and is affected by
contamination from substrate or ambient. The most immediate effect of
this is that the CNP is almost always at non-zero Vg . This non-intentional
doping is caused by charged impurities, either on graphene itself (ambient
moisture and remnants of the deposition/fabrication process) or trapped
between graphene and the substrate (again moisture or dangling bonds
on SiO2 ).

They also introduce spatial inhomogeneities in the carrier

density, breaking the landscape into so-called “electron-hole” puddles [23].
The effect of the puddles is especially severe near the CNP where the
carrier density is too low to screen the effect of the potential fluctuations.
Consequently, in low-quality samples the minimum conductivity is high
and the ρ − Vg shows a wide plateau near the CNP. Mobility of graphene
is also adversely affected by the aforementioned extrinsic factors. The
effect of long-range, Coulomb scattering from the charged impurities as
well as short-range scattering from defects in graphene increases with
carrier concentration – in both cases the mobility is inversely proportional
to the defect density. Longitudinal acoustic phonons in graphene as well
as surface polar phonons of the substrate also act as scattering sources at
finite temperatures. The preceeding discussion is just a short foray into
the various wonderful transport properties of graphene – a more thorough
review is presented in Ref. [17].

2.2

Production of graphene

The wonderful properties of graphene have prompted a rapid exploration
of ways of producing it [24].

Dry exfoliation from graphite via

micromechanical cleavage can produce small, high-quality graphene
flakes useful for academic studies. Liquid phase exfoliation of graphite
or reduction of graphene oxide is a versatile method for production of
large volumes of dispersed flakes – chemical functionalisation of graphene
can be done during production to achieve desired properties. Thermal
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decomposition of silicon carbide generates wafer-scale graphene on an
insulating substrate that is popular in the semiconductor industry. For
large scale applications, graphene obtained by chemical vapour deposition
(CVD) on the surface of polycrystalline foils of nickel or copper is the
preferred method; recently these methods have been replicated with
limited success on insulating substrates like silicon dioxide (SiO2 ) and
hexagonal boron nitride (hBN) [25].

Here some of the production

processes employed in this thesis are reviewed.

2.2.1 Production in the ambient
The simplest way to produce graphene, pioneered by Geim and Novoselov,
is through micromechanical cleavage of graphite using a scotch-tape. It
consists of mechanically splitting graphite, a layered material where the
in-plane bonds are stronger than the inter-layer bonds, into individual
atomic planes. Graphite flakes are put on the adhesive side of a scotch
tape which is then peeled off repeatedly to obtain a layer of fine graphitic
granules. The tape is then firmly pressed onto a suitable substrate, most
commonly SiO2 , and graphitic granules of varying thickness and size
are deposited on the surface. Some of these turn out to be monolayer
graphene flakes although finding them on the surface can be a very
tedious task. A step-by-step depiction of this method is shown in Fig. 2.3a;
Fig. 2.3b shows optical image of a fairly large graphene flake obtained in
this way. Although tedious, this “scotch-tape” method produce graphene
crystals of high structural and electronic quality . Furthermore, a recent
report points to reliable extraction of sub-millimetre scale graphene flakes
using micromechanical cleavage [26]. Nevertheless, it is unlikely that the
scotch-tape method would ever find use outside fundamental research.
Graphene obtained by chemical vapour deposition, on the other hand
is scalable for industrial-level production – metre long sheets have been
produced using this method [28]. Polycrystalline copper foil is a popular
substrate for this method.

It is relatively cheap, graphene interacts

weakly with copper and the growth is self-limiting to a single layer
[29]. Typically, after pre-treatment of the foil (to remove native oxides
and increase grain size) the copper surface is exposed to a mixture of
methane and hydrogen at reduced pressure and elevated temperature.
The carbon atoms dissociate from the hydrocarbon precursor on copper
surface, nucleate, and proceed to form large domains. Scanning electron
microscope (SEM) image of a dendritic graphene domain is shown in
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Figure 2.3. (a) Various steps in obtaining graphene through micromechanical
cleavage of graphite: (i-ii) exfoliation of graphite by scotch-tape, (iii) oxygen
plasma cleaning of SiO2 /Si chips, and (iv) transferring graphitic ﬂakes from tape
to chip. (b) Optical microscope image of a monolayer graphene ﬂake on 270 nm
thick SiO2 . (c) A SEM image of a dendritic graphene single crystal obtained via
CVD on polycrystalline copper foil (Adapted with permission from Ref. [27]). (d)
Optical microscope image of CVD graphene transferred onto a 270 nm thick SiO2
substrate with hBN ﬂakes.

Fig. 2.3c. These domains ﬁnally coalesce to give a mono-layer coverage.
Due to multiple nucleation sites and lack of preferred orientation of
growth, the obtained graphene is polycrystalline in nature. Due to the
ﬁnite solubility of carbon in copper, small multi-layer islands can be
observed at nucleation sites. Large wrinkles can be also observed on
the surface of graphene. These form to relieve local strains that develop
(during the post-growth cooling) due to difference in thermal expansion
coefﬁcient of graphene and copper. These factors adversely affect the
mechanical and electrical properties of CVD graphene.

Considerable

effort has been put to increase the domain size by reducing nucleation
density through e.g., using a two-step process (where the ﬁrst, nucleation
step is done at a lower methane partial pressure, after which its inﬂow
is increased for the growth step) [30] and suitable pre-treatment of
copper (e.g., electrochemical polishing or prolonged annealing in an inert
atmosphere) [31].

Reducing the exposure of copper to methane ﬂow

during growth was found to suppress multi-layer islands [32]. Currently
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millimetre-scale monocrystalline CVD graphene with properties rivalling
those of its exfoliated counterpart can be achieved routinely [33]. Scaling
it up any further cheaply requires solving the problem of transferring the
graphene, discussed next.
The central problem with CVD graphene comes while transferring it
to dielectric substrates for relevant applications. For proof-of-concept
devices this is accomplished by the so-called wet transfer method [34].
A suitable polymer layer is spin-coated on CVD-graphene/metal stack
and after it hardens, the metal is etched away in a solution of ferric
chloride or hydrochloric acid. The graphene-polymer stack is washed
in deionised water and placed on the substrate of choice.

Following

this, the polymer layer is dissolved away with common solvents. An
example of CVD-graphene transferred onto a SiO2 substrate is shown in
Fig. 2.3d. Improvements to this technique include dry transfer (to reduce
cracking of graphene due to surface tension of water) [35], electrochemical
delamination (to recycle the metal support) [36] and using roll-to-roll [28]
or hot-pressing [37] processes (to transfer large graphene sheets). The
central issue in all cases remains the deleterious effect of the polymeric
residues on the optical and transport properties of graphene; wrinkles,
cracks and metal debris play their part, too. Cleaning methods based
on the popular RCA method [38], and appropriate annealing condition
[39] report significant improvement over previous results. However till
date no transfer method has been able to produce microscopically clean
graphene over a large area.
The most commonly used substrate for graphene, exfoliated or CVD,
is undoubtedly silicon dioxide grown on degenerately doped silicon – it
is cheap and widely available. However, the presence of large amount
of charged impurities, dangling bonds and surface optical phonon modes
on this surface adversely affects the electronic quality of graphene
on it [17].

Strategies like suspending graphene [40] or depositing it

on SiO2 /Si surface treated with hydrophobic self-assembled monolayers
(SAMs) [41] have been probed to improve the performance of graphene
FETs. Over the last few years hexagonal boron nitride (hBN) has emerged
as a popular substrate for making high-quality graphene FETs. Like
graphite, hBN is a layered material. Monolayer hBN is isostructural
to graphene with nitrogen and boron forming the basis of a similar
triangular lattice [42].

Because of a small lattice mismatch (δ = 1.8

%), graphene deposited on hBN shows a moiré superstructure.
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wavelength (λ = (1 + δ)a/

p

2(1 + δ)(1 − cosφ)δ 2 ) of the moiré depends on

the relative rotation angle (φ) between the lattices and can be up to 14 nm
for aligned samples [43]. Because of strong in-plane bonds, the surface
of hBN is atomically smooth and free of charge traps – in fact, surface
roughness and charge inhomogeneity in hBN is an order of magnitude
less than SiO2 . Due to reduced scattering, graphene on hBN (G/hBN)
FETs show exceptionally high mobilities [44]. Theoretically predicted
exotic effects like secondary Dirac points (due to periodic potential from
the superlattice) [45] and band-gap opening in well-aligned samples (due
to broken sublattice symmetry and/or periodic bi-axial strain) [46] have
also been observed.

2.2.2

Epitaxial graphene

Surface studies are often done in well-controlled ultra-high vacuum
conditions and require clean solid-vacuum interfaces. Thus, production
strategies for graphene discussed in the last section are not suited to this
purpose. Graphene for the purpose of UHV studies is most commonly
obtained in situ through epitaxial growth on single crystals. Graphene
obtained via high temperature thermal sublimation of silicon from the
silicon-rich face of silicon carbide (6H-SiC(0001)) crystal in UHV is a
prominent example [47]. Growth of graphene on silicon carbide (G/SiC)
is not self-limited to a single layer; furthermore it rests on a carbon
buffer layer that is partially covalently bonded to the substrate. This
C-rich surface acts as a precursor to graphene growth and decouples it
√
√
from the substrate; its 6 3 × 6 3R30◦ reconstruction renders a slight
potential modulation to the graphene surface. Nevertheless, G/SiC can
be considered to be free-standing. The graphene layer lies 3.3 Å from
the buffer layer. This is close to inter-layer seperation in graphite and is
indicative of a surface-substrate interaction dominated by van der Waals
(vdW) forces [48]. Angle resolved photo-electron spectroscopy (ARPES)
studies have shown that the band-structure of G/SiC shows a linear π
dispersion, a characteristic of native graphene.
Another method of obtaining graphene for UHV studies is through
thermal decomposition of gaseous hydrocarbon precursors on FCC(111)
or HCP(0001) (i.e. hexagonal facet) of transition metal single crystals
[3]. The mechanism of graphene growth and its interaction with the
substrate depends on the metal.

On nickel (Ni(111)) for example,

graphene grows by segregation i.e., carbon dissolved in the bulk at high
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Figure 2.4. (a) A schematic showing the moiré pattern of graphene on a
lattice mismatched metal layer (Adapted with permission from [49]). (b) An
atomic-scale STM micrograph of epitaxial graphene on Ir(111) showing the moiré
pattern (imaging setpoint -1.6 V / 0.8 nA).

temperature segregates to the surface as a monolayer as the temperature
is lowered. Due to lattice matching, the growth is commensurate. With
a mean graphene-nickel distance of ∼2.11 Å it is a prime example of
graphene that interacts strongly with the substrate [50]. For other metals
viz., ruthenium (Ru(0001)), rhodium (Rh(111)), iridium (Ir(111)), and
platinum (Pt(111)), graphene grows in a self-terminating fashion at the
surface. Here, carbon obtained from dehydrogenation of hydrocarbons on
the surface (the metal acts as a catalyst) aggregates at high temperatures
to form the monolayer.
The aforementioned metals are not lattice matched with graphene and
the growth of graphene leads to a long-range, periodic superstructure
called the moiré pattern.

The adsorption height of graphene varies

periodically over the moiré unit cell as shown in Fig. 2.4a [51, 52]. In
regions where the centre of graphene’s carbon ring lies on top of the
surface metal atom the carbon-metal interaction is weak – at these TOP
sites graphene is quite far from the substrate (>3.6 Å). On the contrary,
when carbon atoms from one of the sublattices of graphene sit on top
of the surface metal atom, there is a stronger carbon-metal interaction
– at these valley sites graphene-metal distance is low. For graphene
grown on Ru(0001) [53] or Rh(111) [54] this distance can be as low as
∼2.1 Å whereas for Ir(111) [55] and Pt(111) [56] this distance is ∼3.1
Å. The strong geometrical moiré corrugation (∼1.5 Å) in G/Ru(0001) [53]
or G/Rh(111) [54] is accompanied by a pronounced periodic variation
in work function (∼0.3 eV) of graphene (valley regions having a lower
work function). On these strongly interacting metals, the π bands of
graphene are strongly disrupted and is sometimes accompanied with the
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opening of a band-gap [57]. On the weakly interaction G/Ir(111) [55] and
G/Pt(111) [56] the geometric corrugation (<0.5 Å) as well as the electronic
corrugation (<0.1 eV) are much lower and graphene retains its linear
dispersion [57]. In passing, it is useful to point out that in the valleysites, a further classification is made on the basis of whether the carbon
atoms of the other sublattice are on the FCC-hollow site (FCC-site), the
HCP-hollow site (HCP-site), or in between these sites (bridge site) of the
surface metal atoms.
Graphene grown on the [111] facet of iridium has emerged as one of
the popular mediums for surface studies on graphene. As mentioned
before the growth of graphene on Ir(111) is self-terminating. For high
temperature growth (>1500 K) it is possible to get a single domain of
graphene with the carbon atoms aligned to the rows of iridium surface
(the so called R0◦ domain) [58]; small angle rotations around R0◦ have
been observed in scanning tunneling microscopy (STM) studies [59].
Monolayer graphene can be grown by simply exposing the hot metal
surface to a flow of hydrocarbon precursor like methane or ethylene. A
better control over the coverage of graphene can be obtained by a two
step process. In the first step, the so-called temperature-programmed
growth method, the precursor is adsorbed at room temperature on the
surface which is then heated to the desired temperature to get graphene
islands. Further exposure of the surface to the precursor while holding the
temperature leads to growth of extended domains of graphene. ARPES
studies have shown that G/Ir(111) displays the characteristic linear Dirac
dispersion of graphene [60].

Surface contribution causes p-doping of

graphene by ∼0.1 eV and opens up a small gap of ∼0.1 eV at the Dirac
point [61].
The lattice constant of iridium (2.72 Å) is slightly larger than that of
graphene (2.46 Å) – this gives rise to a 9.32×9.32 superstructure with
a periodicity of ∼2.5 nm [62]. As mentioned earlier, the superstructure
is visible as a moiré pattern in STM images (Fig. 2.4b) and the angular
mismatch between the lattices of graphene and Ir(111) (in the small angle
limit) is magnified tenfold in the moiré [62]. The contrast of the moiré
has been seen to be very sensitive to the imaging bias voltages and tip
conditions and often the TOP regions appear as depressions rather than
protrusions i.e., contrast inversion [63]. Combined low-energy electron
diffraction (LEED) and non-contact atomic force microscopy (nc-AFM)
studies point to a mean graphene-iridium distance of ∼3.4 Å with a
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topographic corrugation of 47±5 pm due to the moiré [49]. This geometric
corrugation is accompanied by an electronic corrugation across the moiré
unit cell. The local work function of graphene in the TOP region is 0.1 eV
more than that in the valley region [64]. In the TOP regions graphene is
purely sp2 hybridised, interacting with the substrate solely by means of
weak vdW forces. In the valley regions the carbon atoms lying directly
atop iridium atoms form a weak covalent bond with them leading to
partial sp3 hybridisation of graphene in HCP and FCC sites [55]. Due
to the ease of preparation, the weak graphene-metal interaction, and
the interesting potential landscape offered by the moiré, graphene on
iridium(111) has been used extensively in this thesis for UHV based
molecular assembly experiments.

2.3

Molecular assemblies on graphene

In spite of the excellent electronic properties of graphene, its application
in transistor based logic circuits requires opening a sizeable gap
in its band-structure and having precise control of its doping [65].
Many schemes have been examined to open a band-gap (e.g., by
quantum confinement in graphene nanostructures [66, 67] or covalent
functionalisation of basal plane [68,69]) or to dope (e.g., via substitutional
doping with B or N [70]) graphene. Unfortunately, all of these methods
lead to degradation of graphene’s exceptional properties.

There is a

pressing need to find means of modifying graphene’s band-structure
without degrading the desirable elements and self-assembled layer of
organic molecules physisorbed on graphene’s surface is one of the
promising ways to achieve it. Additionally, graphene is an interesting
substrate on which the basic principles of molecular self-assembly can be
tested upon.
Two-dimensional molecular self-assembly typically requires atomically
smooth surfaces that present a low structural barrier to the diffusion
of the molecular units, thereby allowing the intrinsic kinetic and
thermodynamic factors to shape the order and geometry of the assembly
[10].

Traditionally it has been studied on close packed noble metal

surfaces or on graphite and a subtle interplay between intermolecular
and molecule-substrate interactions have been found to be the main
guiding forces influencing the assembly process [13]. However, study
of assemblies on these “traditional” surfaces are not without their
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limitations. Surface reconstructions and native adatoms often interfere
with the assembly process [71]. Reactive metal surfaces often interact
strongly with the molecules making the study of their native electronic
properties very difﬁcult [72]. Moreover, other than fundamental studies,
assembly on these bulk surfaces are not of much technological use.
For an atomically thin material like graphene the presence of adsorbate
on the surface can lead to modiﬁcation of its properties; this has enormous
practical implications. By virtue of strong in-plane bonding, the surface of
graphene is quite inert and molecular adsorbate interact with it primarily
by means of weak van der Waals or π-π forces [73]. This enables the
study of the electronic properties of the molecular adlayer. Finally, the
periodic moiré corrugation often seen on substrate-supported graphene
makes it a rich playground for verifying the fundamental principles of
surface assembly.

2.3.1

Self-assembled structures on graphene

Figure 2.5. STM images of molecular self-assembly on graphene. (a) At submonolayer coverage CoPc forms a square, close packed assembly on the weakly
interacting G/Ir [74]. (b) On strongly interacting G/Ru, FePc molecules start by
occupying the FCC sites (the TOP sites appear brighter) [75]. (c) For sufﬁcient
coverage FePc forms a Kagome lattice [76]. (d) Close packed assembly of TCNQ
on G/Ru obtained for a full monolayer coverage on G/Ru – the TOP sites still
appear brighter [77]. Adapted with permission from [74–77].

Assembly on graphene has been dominated by UHV based STM studies
of planar, aromatic molecules like pentacene, perylenetetracarboxylic
dianhydride (PTCDA), tetracyanoquinodimethane (TCNQ), fullerenes
(C60 ), and phthalocyanines and their metal-substituted complexes (MPcs)
[78]. Predictably, for a full monolayer coverage of molecules, they organize
into close packed assemblies on graphene (Fig. 2.5d). The dependence
of assembling behaviour on the surface becomes clear under condition of
sub-monolayer growth. Different assembling motifs are obtained based on
whether graphene interacts strongly with the substrate (e.g. G/Ni, G/Ru,
G/Rh) or not (e.g. G/SiC, G/Ir, G/Pt, G/SiO2 /Si, G/hBN).
For weakly interacting graphene the molecule-substrate interaction is
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dominated by vdW forces, and the assembly is governed by intermolecular
interactions. Close packed assembly is observed for molecules like C60
[79, 80] and MPcs [74, 81, 82] which interact with each other by means
of vdW forces, or even for molecules like PTCDA [83, 84] and TCNQ
[85, 86] with intermolecular hydrogen bonds (Fig. 2.5a). With molecules
of appropriate geometry, intermolecular hydrogen [87] or halogen bonding
[88] can be exploited to obtain open, porous structures. Examples include
hexagonal networks formed by deposition of trimesic acid on G/SiC [89]
and by benzene-tribenzoic acid on G/Ir [90]. In all cases the assembly
is found to grow over step edges without any registry to the graphene
substrate.
For strongly interacting graphene, the assembly is driven by the moiré
superstructure leading to a site-selective, coverage dependent assembly.
Driven by the higher adsorption energy in the FCC and HCP sites of
the moiré, molecules like TCNQ [91], pentancene [75], fullerenes [92],
PTCDA [93], and MPcs [82] start by occupying these regions at lower
coverages (Fig. 2.5b). For suitable coverage, a Kagome lattice (as shown
in Fig. 2.5c) with the TOP sites being unoccupied, can be obtained [76].
The exact mechanism leading to increased affinity towards the low-lying
sites can depend on the molecule. For MPcs or pentacene it can be due to
interaction between surface dipole (in TOP-FCC direction of the graphene
moiré) and the induced dipole moment in the molecule [75]. For charge
acceptors like C60 [92] and TCNQ [91] it is driven by large charge transfer
at the valley regions where the work function is lower. For stronger
charge acceptors like F4 TCNQ, site-selective adsorption accompanied by
charging and profound structural relaxation has been observed even on
the weakly interacting G/Ir system [94] – a delicate balance between vdW
forces, charge transfer and chemical reactivity in the system has been
posited as the reason for such behaviour.

2.3.2

Electronic properties of molecules on graphene

Graphene is also a suitable surface for studying the electronic properties
of molecules physisorbed on it.

On close packed metal surfaces the

molecular orbitals are typically hybridised due to interaction with
the bulk (or surface) states of the substrate [96].

This results in

broadening and shifting of the molecular energy levels from their gasphase. These effects are visible in the tunneling spectra of the molecules
on metal surfaces (Fig. 2.6a) [95]. Due to its chemical inertness and
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Figure 2.6. STS spectra of PCTDA molecules on (a) Au(111) [95], and (b) G/Pt
[84] showing the resonant peaks corresponding to tunneling through HOMO and
LUMO. On Au(111) these are broad; on G/Pt the peaks are sharp. STM images
of PTCDA on G/Pt at the voltages corresponding to (c) LUMO, and (d) HOMO,
with the calculated gas phase orbitals shown in the inset [84]. Adapted with
permission from [84, 95].

vanishing density of states near Fermi level, graphene interacts very
weakly with physisorbed molecules and even decouples them from the
underlying metal substrate (for graphene on metal systems).

In the

differential conductance spectra of molecules adsorbed on graphene, the
frontier orbitals appear as sharp peaks with life-time limited Lorentzian
lineshapes (Fig. 2.6b) [74, 84]. Due to reduced screening from metal the
transport gap of molecules is often larger on graphene and closer to their
gas-phase values. Furthermore, it is possible to image the molecules at
energies corresponding to the frontier orbitals with high spatial resolution
(Fig. 2.6c-d). The maps obtained thus match up quite favourably with
the calculated orbital images in gas phase [74, 79, 84, 91]. The narrow
linewidth of the molecular resonances allow the effect of the moiré on
the electronic properties to be studied. Even on the weakly interacting
G/Ir the resonance of MPcs were found to be modulated by ∼100 meV,
reﬂecting the change in local work function of graphene underneath
[74]. Finally, in back-gated, graphene-on-insulator devices the position
of molecular resonance were shown to shift in parallel with graphene’s
Fermi-level with the application of the gate voltage [97, 98].
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2.3.3

Engineering graphene’s band-structure

Physisorbed molecules, interacting with graphene through weak vdW
interactions, also offer a facile route to modify graphene’s electronic
properties without degrading its desirable properties, even under high
charge carrier density. In this scheme, doping of graphene is caused
by interfacial charge transfer between the molecules and graphene. As
shown in the schematic in Fig. 2.7a if the molecule’s electron afﬁnity
(ionisation potential) is larger (smaller) than graphene’s work function
(∼4.5 eV for intrinsic graphene), then the molecule would spontaneously
accept (donate) electrons from graphene making it p-doped (n-doped).
Finally, imposing a periodic potential modulation on graphene has been
proposed as a way to open a transport band-gap [99]. This has been
recently demonstrated to occur due to the moiré pattern in G/hBN devices
[100], but it could also be set up by molecular self-assembly.

Figure 2.7. (a) Schematic of doping graphene with molecules: molecules with
LUMO (HOMO) below (above) graphene’s EF spontaneously accept (donate)
electrons from it making it p-doped (n-doped) [73]. (b) Theoretical calculations
showing effect of acceptors (TCNQ, F4 TCNQ), donors (TTF) and their salts on
the EF and work function of graphene [101]. (c) ARPES measurement showing
p-doping of G/SiC. The EF shifts from (i) -0.42 eV (pristine sample) (ii) to 0 eV
on depositing F4 TCNQ, or (iii) to -0.25 eV on depositing TCNQ [102]. (d) I − V
measurements showing n-doping of graphene by OA. Increased deposition of OA
causes VCN P to shift to increasingly negative values; the mobility of the FET
increases too [103]. Adapted with permission from [73, 101–103].

Doping of graphene by small gas molecules has been shown both theoretically [104] and experimentally [105, 106]. In fact, functionalisation of
graphene using molecules is a rich and ever-expanding ﬁeld [107]. Among
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the larger aromatic molecules which self-assemble on graphene, doping
due to the strong electron acceptors TCNQ, fluorinated TCNQ (F4 TCNQ)
and tetracyanoethylene (TCNE) has been studied extensively theoretically [108]. Theoretical calculations show that both TCNQ and F4 TCNQ
p-dope graphene (Fig. 2.7b) [101]; F4 TCNQ being a stronger electron acceptor than TCNQ, should be a stronger p-dopant. Precisely this has been
demonstrated on G/SiC using ARPES, as shown in Fig. 2.7c [102] – while
deposition of F4 TCNQ causes the Dirac point to upshift by 0.42 eV, deposition of TCNQ results in an upshift of only 0.17 eV.
Weaker electron acceptors like C60 and PTCDA should p-dope graphene
to a lesser extent.

Synchotron based high-resolution photoelectrons

spectroscopy (PES) measurements show that deposition of PTCDA [83]
and C60 [109] causes the work function of graphene to upshift by 0.25 eV
and 0.15 eV, respectively. I − V experiments on G/SiO2 FETs decorated
with molecules are an effective way of testing the doping properties
in a technologically relevant setting. A shift of VCN P towards positive
values on deposition of molecules indicates p-doping, and vice-versa.
Transport experiments have confirmed graphene’s p-type doping by C60
[110, 111]. Hole-type doping of graphene has been demonstrated for two
other organic molecules which assemble into well-ordered structures on it
– octadecylphosphonic acid (OPA) [112] and TMA [113].
Instances of n-type doping of graphene by self-assembled molecules are
less prevalent. The strong electron donating molecule tertathiafulvalene
(TTF) has been theoretically predicted to n-dope graphene [101]. This has
been confirmed by X-ray photoelectron spectroscopy (XPS) measurements
of chemically exfoliated graphene dispersed with TTF [114].

I − V

experiments show vanadyl phthalocyanine n-dopes graphene without any
degradation of mobility [115].

Deposition of oleylamine (OA) is seen

to n-dope graphene and increase its mobility (Fig. 2.7d) – screening
of charged impurities at G/SiO2 interface by the molecular adlayer
was posited as a reason for this [103]. An interesting instance of bipolar doping of graphene has been shown for 3-trifluoromethyl-3-(3octadecyloxyphenyl)diazirine which assembles in a lamellar fashion on
it [116]. Ultra-violet irradiation of the molecule in diethylamine causes
n-type doping of graphene, whereas irradiation in chloroform results in
p-type doping. This ease and flexibility with which graphene’s bandstructure can be modified is an attractive reason for pursuing studies of
supramolecular self-assembly on graphene.
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3. Experimental methods

3.1

Scanning tunneling microscopy

The possibility of visualising and manipulating atoms and molecules as
outlined by Richard Feynman in his famous lecture on “There’s plenty of
room at the bottom” [117], is now a distinct reality, thanks to scanning
tunneling microscope (STM). The invention of STM in the early 1980’s
allowed imaging of conducting surfaces at an atomic level [118], and
won its inventors Gerd Binnig and Heinrich Rohrer the Nobel prize.
The invention of atomic force microscope (AFM) in the latter half of
1980’s extended this ability to non-conducting surfaces. Atomic scale
manipulation by these instruments became a routine exercise in the
1990’s.

In addition, STM and AFM are the only tools to study the

electronic and mechanical properties at the surface of materials at an
atomic level. Hereunder, the essential operating principles of the STM
will be briefly reviewed – a more thorough treatment is provided in
Ref. [119].

3.1.1

Principle of operation

Scanning tunneling microscopy, as the name suggests, is based on the
principle of quantum mechanical tunneling.

According to quantum

mechanics, when an electron with a wavefunction ψ(x) and energy
E, impinges on a rectangular potential barrier U (>E) at x = 0, its
wavefunction in positive x-direction decays according to the relation:

ψ(x) = ψ(0)e

−κx

p
with κ =

2m(U − E)
~

(3.1)

where m is the mass of the electron. Thus, for a sufficiently “thin” barrier
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Figure 3.1. Quantum mechanical tunneling in a metal-vacuuum-metal junction
under an applied bias voltage.

there is a non-zero probability (p ∝ |ψ(x)|2 ) of the electron crossing it. This
argument can be extended to determine the tunneling current across a
metal-insulator-metal (shown as tip-vacuum-sample in Fig. 3.1) junction
when a bias voltage Vb is applied. It is assumed that the work function of
the metals are equal (φt = φs = φ), and that eVb  φ so that the energies
of all tunneling states are close to EF = −φ. The tunneling current would
be proportional to the probability of electrons in the energy range EF and
EF − eVb to cross the vacuum barrier (of width W ) and can be found from
Eq. 3.1 as:
I∝



|ψn (W )|2 =

Vb



|ψn (0)|2 e−2κW

(3.2)

Vb

where the decay constant κ is:
√
κ=

2mφ


(3.3)

For typical metals φ ≈ 5 eV, giving κ ≈ 11 nm−1 . Using this in Eq. 3.2
it can be seen that the current decays by an order of magnitude for
an Ångström increase in tip-sample distance. For a “sharp” tip placed
sufﬁciently close to a surface the current would mostly ﬂow through the
apex atom of the tip. It is this extreme sensitivity of the tunneling current
on the tip-sample distance that is the basis for atomic resolution imaging
by STM. It should be noted in passing, that Eq. 3.2 and 3.3 are only valid
for rectangular potential barriers; for more general barriers numerical
solutions for I and κ can be found using the Wentzel-Kramers-Brillouin
(WKB) semi-classical approximation.
The schematic of a scanning tunneling microscope is given in Fig. 3.2.
A macroscopically sharp metallic tip, usually obtained by cutting
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or electrochemically etching a tungsten or platinum/iridium wire, is
mounted on a xyz piezodrive. Extremely precise movement in the three
directions can be obtained by the expansion/contraction of the piezodrive
through the application of high voltage to it. The conductive sample,
usually single crystals of metal or graphite, is mounted on a rigid support
and the bias voltage (from a few mV to a few V) is applied to it. Using a
coarse positioner and the z-piezo, the tip is brought to within a nanometre
of the sample, until a given tunneling setpoint current (in the pA to nA
range) is established. Application of a positive voltage to the sample
implies electrons from the ﬁlled states of the tip are tunneling into the
empty states of the sample, and vice-versa.

Figure 3.2. Schematic of a scanning tunneling microscope.

Once tunneling has been established, the tip is raster scanned over
the surface with the aid of the xy piezodrive. The tunneling current is
converted to voltage, ampliﬁed and fed to a feedback circuit which controls
the z piezo. In the most common, “constant-current” imaging mode the z
piezo is actuated to keep the setpoint current constant – the movement in
z-direction then gives the topographic image. Alternately, a “constantheight” imaging can be employed where the feedback is disengaged
and the contrast is given by the variation in the tunneling current.
Although the ﬁrst scheme has the advantage of avoiding accidental
collision between the tip and the sample, the second scheme is more
suitable for mapping the electronic properties of the surface.

3.1.2

Interpretation of STM images

A more sophisticated treatment of the tunneling problem can be gleaned
from Bardeen’s theorem [120]. In this formalism, the probability of an
electron in the state ψs with an energy Es (from the sample) to tunnel
into the state χt with an energy Et (in the tip) is given by:
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pst =

2π
|Mst |2 δ(Es − Et )
~

(3.4)

where the tunneling matrix element Mst is:
Mst =

~2
2m

Z


ψs

∂χ∗t
∂ψs
− χ∗t
∂x
∂x


dS

(3.5)

x=x0

Thus, the probability amplitude (given by |Mst |) is given by the surface
integral of the wavefunctions of the two separate electrodes (the tip and
the sample) at a surface placed at an arbitrary x0 between the electrodes.
Furthermore, it can be seen from Eq. 3.4 that the tunneling process is
elastic i.e., it is possible only between tip-states with the same energy
as sample-states. Under application of a bias Vb ( EF , the equilibrium
Fermi level of the electrodes) the tunneling current would then be given
by:

I∝

2πe2 X
Vb
|Mst |2 δ(Es − EF )δ(Et − EF )
~
st

(3.6)

The tunneling event is subject to availability of state (at a certain energy
E) in the electrodes, which is given by their density of states (DOS, ρ(E)),
and at a finite temperature the tunneling current will be given by:

I=

4πe
~

Z∞
[f (EF − eVb + ) − f (EF + )]
−∞

ρs (EF − eVb + )ρt (EF + )|Mst |2 d (3.7)
Here f () is the Fermi-Dirac distribution and is included to account for
thermal broadening of the electrode states. In the low-temperature limit,
assuming that |Mst | does not vary in the energy range of interest, Eq. 3.7
can be reduced to:
ZeVb
I∝
ρs (EF − eVb + )ρt (EF + )d

(3.8)

0

Hence, the tunneling current is proportional to the DOS of the tip and
the sample. To accurately interpret STM images the properties of the tip
need to be taken into consideration. A further level of simplification to
this picture can be obtained from the Tersoff-Hamann model [121]. By
modelling the tip as a locally spherical wavefunction it can be shown that
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the tunneling matrix element is proportional to the sample wavefunction
ψs at the centre of curvature of the tip r0 . Then, the tip DOS is also
constant and the tunneling current given by Eq. 3.6 is reduced to:

I∝

2πe2 X
Vb
|ψs (r0 )|2 δ(Es − EF )
~
s

(3.9)

The expression within the summation is that of the local density of
states (LDOS) of the sample at r0 , at energy Es − EF . Thus, under
this so-called “s-wave” tip-model, the tunneling conductance at a small
Vb can be interpreted in terms of the Fermi-level LDOS of the sample
at the position of the tip.

Metallic tips with a s-wave character are

usually obtained by controlled crashing on the (metallic) sample surface.
Sometimes, especially for sub-molecular resolution of molecules adsorbed
on sample surface, the tip can be functionalised to give it a p-wave or dwave character – in fact it is popularly assumed that atomic resolution
tips have some p- or d-wave character.

3.1.3

Scanning tunneling spectroscopy

In addition to obtaining atomic resolution images of a surface, STM
can also be used to gather information about its electronic properties,
specifically the LDOS. By differentiating the expression of the tunneling
current given by Eq. 3.7 in the low temperature limit, under the
assumption that tunneling matrix element and tip DOS remains
constant, it is seen that:
dI
dV

∝ ρs (EF − eVb )

(3.10)

Vb

Thus, the differential of the tunneling current at a particular bias is
proportional to the LDOS of the sample at the position of the tip apex.
This is the principle behind scanning tunneling spectroscopy (STS) – by
bringing the tip on top of a sample point, disengaging the feedback and
then recording the differential conductance while continuously changing
the bias voltage, the LDOS within that energy range can be measured. It
is important to note that for large energy ranges |Mst | shows a distinct
energy dependence because of which the dI/dV in negative bias is largely
dependent on the tip DOS. Extreme care must be taken to ensure that the
tip DOS is “flat” – at least in the energy level of interest, to accurately
interpret dI/dV signal.
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Although differential conductance can be obtained by simply numerically differentiating the I − V curve, for cleaner signals lock-in detection
technique is used. In this scheme a small, high-frequency, “reference signal” (Vm sin ωt) is superposed on the DC bias voltage as it is swept across
the energy range of interest. Taylor expansion of the resulting tunneling
current gives:


dI 
d2 I 
I(Vb + Vm sin ωt) = I(Vb ) +
Vm sin ωt +

dV Vb
dV 2 

Vb

Vm2
sin2 ωt + · · · (3.11)
2

By multiplying the current with the n-th harmonic of a signal “locked-in”
to the phase of the reference signal (phase-locked detection) and applying
appropriate ﬁlters, the n-th derivative of the tunneling current, free
from 1/f noise can be obtained. For example, the dI/dV signal can be
obtained simply as the D.C. component of the product of the output and
the reference signal. By scanning the surface (typically in constant-height
mode) while recording the dI/dV signal at a particular bias, a map of the
LDOS or “dI/dV map” can be obtained.

Figure 3.3. Measuring energy position of frontier molecular orbitals using
STS. When the tip Fermi-level is in resonance with (a) LUMO, or (b) HOMO
of a molecule additional charge-carriers can tunnel across the barrier causing
(c) a steep increase in tunneling current and pronounced peaks in dI/dV vs Vb
spectrum (Adapted with permission from [72]).

In addition to probing the electronic property of native surfaces, STS
can also be used to probe and visualise the molecular orbitals (MO) of
molecules adsorbed on the surface [72]. As shown in the schematics
in Fig. 3.3, when the bias is such that the tip EF is in resonance with
one of the molecular orbitals the tunneling current increases steeply –
this results in a peak in the dI/dV spectrum. The width of the peak
is inﬂuenced by, in addition to extrinsic factors like temperature and bias
modulation, lifetime broadening due to interaction with surface. On metal
surface these molecular resonance peaks are broadened and mixed due
to strong coupling with the substrate. Inserting an ultrathin layer of
insulating salt [122] or using non-reactive 2D materials [14] decouples
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the molecule and helps retain its gas phase properties. STS of molecules
in such double-barrier tunnel junction system typically show sharp
resonance peaks. The ﬁrst peaks on either side of zero-bias correspond
to tunneling through the highest occupied MO (HOMO, -ve bias) and the
lowest unoccupied MO (LUMO, +ve bias) of the molecule. It must be noted
that the gap between these positive and negative ion resonance peaks
seen in STS is not equal to the optical HOMO-LUMO gap of the molecule.
STS corresponds to temporary charging/discharging of the molecule and
the resulting Coulombic interaction must be taken into account. A slight
distortion of the bias scale due to a ﬁnite potential drop between the
molecule and the surface adds a further “lever-arm” factor. Additionally,
polarisation from the underlying conducting surface shifts the frontier
molecular orbitals to a small extent. Nevertheless, dI/dV maps (or simple
STM images) of molecules at bias voltages corresponding to their HOMO
and LUMO closely match the orbital images of molecules in their gasphase (obtained by e.g. density functional theory, DFT calculations).

Figure 3.4. (a) The ﬁnite modulation voltage Vm in lock-in detection technique
broadens a LDOS in the shape of a Kronecker-delta (blue line) to a roughly semicircular shape (red line) with a diameter of 2Vm . (b) The ﬁnite temperature
causes broadening of the Kronecker-delta (blue line) to a Gaussian lineshape
(red line) with a linewidth of 3.2kb T .

As mentioned above, the width of peaks in STS is broadened due to the
effect of the lock-in modulation voltage (Vm ) and the ﬁnite temperature (T )
at which the experiment is done (Fig. 3.4). The observed linewidth (τobs )
has contribution from the intrinsic linewidth (τi ), thermal broadening
(τT ), and modulation broadening (τV ) and can be approximated as:
τobs ≈



τi2 + τT2 + τV2 = τi2 + (3.2kb T )2 + (2eVm )2

(3.12)

For typical high-quality, low-temperature STM experiments where T ≈
4 K and Vm ≈ 10 mV, the broadening can be safely neglected for
molecular resonances which are at least few tens of meV wide. But for
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experiments probing inelastic vibrations [123], spin excitations [124] and
Kondo resonance [125] in molecular systems, the linewidth of the features
of interest are a couple of meV at best and broadening mechanisms must
be deconvoluted. An exact expression of the observed lineshape (Fobs ) can
be obtained by convolving the intrinsic lineshape (Fi ), thermal broadening
function (FT ) and modulation broadening function (FV ):

where,
and,

Fobs () = Fi () ∗ FV () ∗ FT ()
p
Vm2 + 2
2
FV () = <
π
Vm2


1
∂
FT () =
∂ 1 + exp(/kB T )

(3.13)

3.1.4 Experimental setup

Figure 3.5. The Createc LT-STM used for most of the measurements in this
work.

The STM experiments for this thesis were performed in a Createc LTSTM/AFM operating at 4.4 K in UHV conditions (base pressure 10−10
mbar). The STM can be cooled down to 2.2 K by pumping the liquid
helium cryostat housing it. It can also be controllably heated by using
a Zener diode attached to the STM. STS was carried out using standard
lock-in technique with a small sinusoidal voltage of 2-40 mV peak-to-peak
amplitude (depending upon the spectral width of the feature of interest) at
484.3 Hz. Mechanically cut Pt/Ir wires were used for all measurements.
The setup, shown in Fig. 3.5, is equipped with a preparation chamber
with standard sample preparation facilities viz., sputtering, annealing,
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chemical vapour deposition, and molecular deposition within the same
system.

3.2

Characterisation tools

As mentioned earlier surface studies on graphene (e.g., by STM) is usually
done in UHV and the epitaxial graphene usually used for this purpose is
grown in situ. Exfoliated and CVD graphene, on the other hand, require
extensive characterisation. For the former it is usually targeted towards
isolating monolayer graphene on the chip; for the latter it is mostly about
surface cleanliness and continuity. Some of the experimental tools used
in this thesis for characterising graphene are reviewed here.

Figure 3.6. (a) Contrast of monolayer graphene as a function of SiO2 thickness
and wavelength of light used [126]. (b) Optical micrograph showing graphitic
ﬂakes of various thickness on 267 nm thick SiO2 . The ﬂake to the top right is
graphene.

Optical microscopy is often the ﬁrst tool in characterising graphene,
especially the exfoliated ones. Mechanical exfoliation of graphite typically
leaves the surface of the substrate (typically SiO2 ) with ﬂakes of various
thickness and adhesive glue. Thinner ﬂakes can then be readily identiﬁed
by scanning the surface with an optical microscope. As shown in Fig. 3.6a
the visibility of monolayer graphene on SiO2 has been found out to be a
function of the substrate thickness and the spectrum of source light [126].
With some practice even monolayer graphene can be isolated on 250 - 300
nm thick SiO2 (readily available thicknesses) in white light. It cannot
be used in isolation to quantitatively separate the monolayers from 2-5
layer thick crystals (Fig. 3.6b). Optical microscope is also used to check
the quality of CVD graphene transferred onto SiO2 for tears and other
large-scale inconsistencies.
Raman spectroscopy is arguably the most powerful tool to identify
the number (and orientation) of graphene layers. It is also useful in
determining defect density, doping level, and strain in graphene [127].
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Raman spectroscopy is based on inelastic scattering of monochromatic
light due to interaction with phonon and molecular vibrations in the
system under study. As shown in the schematic in Fig. 3.7a, the process
consists of shining a laser on the sample, collecting the backscattered light
and sending it through ﬁlters (to block elastically scattered light) and
gratings (to disperse the photons) to a photodetector. The spectrum is then
obtained by plotting the intensity against the energetic shift (expressed in
wavenumber cm−1 ) of the Raman scattered light [128].

Figure 3.7. (a) Schematic of a Raman spectrometer. (b) Raman spectra of
graphitic ﬂakes of various thickness; the spectra have been offset for clarity.

The Raman spectrum of graphene has three prominent peaks [129].
The G-peak centred at ∼1580 cm−1 comes from in-plane vibration of
sp2 carbon and corresponds to in-plane optical phonon modes at the Γ
point – it is found in all graphitic material. The D-peak at ∼1350 cm−1
is activated by defects in graphene and comes from in-plane transverse
optical phonon near the K point. The 2D band centred at ∼2700 cm−1
is the D-peak overtone and is the result of a double resonance process
involving intravalley scattering. Monolayer graphene is characterised by
a sharp, Lorentzian 2D peak greater in intensity than the G-peak. As the
number of layer increases the linewidth of the 2D band decreases and it
becomes broader and less symmetric; the G peak shows a slight downshift
too (Fig. 3.7b). The position and linewidth of the G-peak, and the ratio of
intensity of the 2D and G peak can be used to ﬁnd out doping level of
graphene [130]. Raman maps of the D-peak intensity in CVD graphene
are often used to characterise defect density and distribution [31]. A
Horiba Jobin-Yvon Labram HR Raman spectrometer with a 633 nm laser
excitation and 600 gr/mm motorised grating was used in this thesis.
Atomic Force Microscopy (AFM) is a handy tool for high resolution
topographical imaging of graphene’s surface. Although the resolution
of such ambient AFMs (schematic shown in Fig. 3.8a) do not match

40

Experimental methods

their UHV scanning probe counterparts, their ease-of-use makes them
a compelling tool. AFM consists of a sharp tip mounted on the end of a
ﬂexible cantilever. When the tip is brought sufﬁciently close to a surface
the tip-surface force causes a deﬂection in the cantilever – this is detected
through a system of laser and 4-segment photodiode. By keeping this
deﬂection constant while scanning the tip across a surface (by varying
tip-sample distance), a high resolution (the z resolution at ∼1 Å is far
better than x-y resolution) topographic image can be obtained [131]. For
this thesis, a Veeco Dimension 5000 AFM attached to a NanoScope V
controller was used.

Figure 3.8. (a) Schematic of an atomic force microscope. (b) AFM topography
image of CVD graphene transferred onto SiO2 /Si showing various features on
the surface.

Of the various modes in which an AFM can be operated, the
intermittent-contact (or tapping) mode is the most popular. In this scheme
the cantilever is oscillated vertically close to its resonant frequency.
Interaction with the surface decreases the amplitude of the oscillation and
amplitude detection can be used to image the surface without damaging
it. Tapping mode AFM is often used to determine the surface integrity and
cleanliness of graphene – this is especially important for quality control
of transferred CVD graphene (Fig. 3.8b). Although, in principle it can be
used to determine thickness of graphene, the presence of a layer of water
between graphene and SiO2 makes accurate differentiation of isolated
monolayer and bilayer graphene ﬂakes difﬁcult [132].

Contact mode

AFM, where the (non-oscillating) tip is dragged over the surface, has been
used in micromechanical cleaning of graphene [133]. By slowly scanning
the surface of graphene with a small contact force, polymer debris from
lithographic or transfer processes can be removed – this makes for an
excellent method for obtaining locally clean graphene interfaces.
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3.3

Fabrication and measurement of graphene FETs

Fabrication of ﬁeld effect transistors on graphene is done by conventional
lithographic means.

For parallel fabrication of a large number of

microscale devices on transferred CVD graphene photolithography is the
method of choice. Fabricating nanoscale devices on arbitrarily placed
exfoliated graphene ﬂakes, on the other hand requires electron-beam
lithography (EBL).
The central instrument in EBL is the scanning electron microscope
(SEM); the block diagram of a SEM is shown in Fig. 3.9a. Electrons
emitted from a ﬁeld-emission source are accelerated under high voltage
through a column (in high-vacuum), where the beam is shaped and
focused with magnetic lenses. When the beam hits the sample surface
some electrons are elastically backscattered; secondary electrons and Xrays are also produced. The intensity of these reﬂected species contains
information about the morphology and the composition of the surface. By
scanning the beam over the surface and recording the secondary electrons,
a high-resolution (down to few nm) topographic image of the surface can
be made [134].

Figure 3.9. Schematic of (a) a scanning electron microscope, and (b) an electronbeam evaporator for physical vapour deposition of metals.

A typical EBL process starts with spin-coating the surface with a thin
layer of electron-beam resist. These are polymers (dissolved in casting
solvents) which can be modiﬁed by exposure to electron beam, leaving
them either more (positive resist) or less (negative resist) soluble in a
suitable developer [135]. Polymethyl methacrylate (PMMA) is the most
commonly used positive resist; it is commonly used with an additional
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layer of methyl methacrylate (MMA) underneath. After spin-coating and
baking, the polymer/surface stack is patterned with an appropriate “dose”
of electron beam in SEM. Following exposure, the pattern is developed in
a solution of methyl isobutyl ketone (MIBK) and the parts of the resist
which had been exposed to electron are dissolved away.
Metal contacts on surface are generally deﬁned using the so-called “liftoff ” process [136]. After development of the pattern on the resist/surface
stack, a thin ﬁlm of the desired metal is deposited on the surface. In
the developed part of the resist, the metal is in direct contact with the
surface; everywhere else it is deposited on the resist. By simply removing
the resist, usually with common solvents like acetone, patterned metal
contacts can be realised.

For graphene deposited on SiO2 /Si, metal

contacts made of titanium/gold (Ti/Au) stack are normally utilised. The
deposition is best done using electron-beam assisted evaporation of the
metals in high vacuum environment (a schematic is shown in Fig. 3.9b) to
avoid exposure to high energy particles or high temperature.

Figure 3.10. Process ﬂow for the lithographic process used in this work to
fabricate ﬁeld-effect transistors on exfoliated graphene.

A process ﬂow diagram of the standard lithographic process to deﬁne
metal contacts on graphene ﬂake exfoliated onto SiO2 /Si substrate is
shown in Fig. 3.10. In this thesis a Zeiss Supra 40 Scanning Electron
Microscope with a Raith Quantum pattern generator was used for
electron beam lithography and an Instrumentti Mattila 9912 electronbeam evaporator operating at 10−8 mbar was used for metal deposition.
Optical microscope image of a two-terminal FET fabricated on graphene
is shown in Fig. 3.11a.
The fabrication process typically leaves polymeric debris on graphene
and cleaning the surface by means of prolonged immersion in strong
solvent like chloroform or dichloroethane [137], annealing in reducing
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Figure 3.11. (a) Optical micrograph of a G/SiO2 FET with the outline of the
graphene ﬂake indicated with dotted lines. (b) AFM image showing the surface
of graphene after micromechanical cleaning.

environment [138], or micromechanical cleaning [133] is often necessary.
As outlined earlier, one of the aims of this thesis was to see the effect
of molecular adlayer on the electronic transport properties of graphene
in a controlled environment. This requires the surface of graphene to
be atomically clean and micromechanical cleaning by means of contact
mode AFM was found to be the best means of achieving it.

In the

tapping-mode AFM image (Fig. 3.11b) of a G/SiO2 FET obtained after the
micromechanical cleaning, the cleaned region is seen to be surrounded
by polymeric debris. After cleaning, the rms roughness (in a 1×1 μm2
region) of graphene is seen to reduce from ∼1 nm to <0.5 nm whereas
the height of graphene is seen to reduce from >2 nm to ∼0.8 nm, thereby
demonstrating the efﬁcacy of the process. The ﬁnal stage of cleaning is
done in UHV just prior to measurement. The sample is annealed at 420
K for two hours to drive away ambient moisture and other weakly bound
impurities present, either on the surface of graphene, or trapped between
graphene and SiO2 [139].

Figure 3.12. Various stages of the construction of the sample holder for
transport measurements on molecule decorated graphene FET in UHV (see text
for details).

The ﬁnal cleaning and measurement of the sample is performed in the
UHV setup shown in Fig. 3.5. The manipulator arm in the preparation
chamber of the setup has a 4-probe measurement stage and molecules
can be evaporated directly onto the stage without breaking vacuum. A
metal sample holder with four contact springs, shown in Fig. 3.12a, ﬁts
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into the stage and the chip with the graphene FET needs to be mounted
onto the sample holder. To this end an alumina piece is machined to
appropriate dimension and Ti/Au pads are evaporated onto it.

UHV

compliant conductive epoxy (EPO-TEK H21D) is then used to attach the
alumina piece to the holder, as well as to attach copper wires from the
pads to the contact springs (Fig. 3.12b). Using the same epoxy the chip is
then glued to a metal pad on the alumina piece (for back-gating). Finally,
the source-drain contacts of the FET are wire-bonded to the pads on the
alumina piece. The completed assembly, shown in Fig. 3.12c is then put in
the aforementioned measurement stage in the UHV chamber (Fig. 3.12d).

Figure 3.13. (a) Schematic showing the current-bias measurement of Rsd of
G-FET with lock-in technique; Vg is applied to the universal, p++ -Si back gate.
(b) The measurement setup with the measurement stage being cooled by liquid
helium.

Measurement on the graphene FET is carried out using standard lockin technique and a schematic has been shown in Fig. 3.13a. A small,
oscillating current of 100 nA is applied across the source-drain contact
and the voltage drop across it is monitored using a Signal Recovery
7225 lock-in ampliﬁer to obtain the source-drain resistance (Rsd ). The
charge carrier concentration in graphene is simultaneously changed with
a backgate voltage (Vg ) supplied from a Keithley 2400 source-meter. The
sample stage can be cooled down to 20 K controllably for low temperature
and temperature dependent measurements by pumping liquid helium
through the manipulator arm – this setup is shown in Fig. 3.13b.
The effect of the cleaning processes on the electronic properties of
graphene can be observed from the Rsd − Vg curves taken on a particular
G/SiO2 FET at various stages of sample preparation, shown in Fig. 3.14a.
From the measurements done right after the device fabrication (blue
curve) it can be seen that the graphene sample is highly p-doped (VCN P
= 17 V). The curve is assymetric and the electron and hole mobilities
(calculated using Eq. 2.4) are 932 cm2 /Vs and 1088 cm2 /Vs respectively.
After micromechanical cleaning and keeping the sample in UHV for
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Figure 3.14. (a) Rsd − Vg characteristics of a G/SiO2 FET at various stages
of sample preparation. (b) Temperature dependent output characteristics of a
G/SiO2 FET from 20 K to room temperature

twelve hours the characteristics improve signiﬁcantly (red curve) – the
VCN P shifts to 3 V and the curve becomes visibly narrower.

The

output characteristics (yellow curve) becomes even more symmetric after
annealing the sample in UHV (at 420 K for 2 hours) and the mobility
of the sample increases to ∼1700 cm2 /Vs. The sample becomes slightly
n-doped (VCN P = -2 V), most likely due to interaction of graphene with
the dangling bonds of the silicon dioxide substrate [140]. Temperature
dependent measurements from 20 K to room temperature, carried out on
another clean graphene sample (Fig. 3.14b) show the expected behaviour –
the resistance at the CNP remains almost constant and the curve becomes
broader i.e., the carrier mobility decreases (from ∼1050 cm2 /Vs to ∼950
cm2 /Vs) with increasing temperature [141].
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The experiments in this thesis pertain to UHV based STM and transport
measurements on graphene decorated with organic molecules. Most of
the work (Sections 4.2,4.3) was done on epitaxial graphene on iridium,
grown in UHV. To this end, the surface of the Ir(111) single crystal was
cleaned by repeated cycles of 2 kV Ne+ sputtering, annealing in 5×10−7
mbar oxygen at 1200 K, and flashing to 1600 K. Thereafter, graphene
was grown on the Ir(111) substrate by a combination of temperature
programmed growth (TPG) and chemical vapour deposition (CVD) [142].
Initially, the substrate was exposed to 1×10−6 mbar ethene (C2 H2 ) for 30
seconds at room-temperature and heated to 1600 K. Subsequently, with
the temperature held at 1600 K, the substrate was exposed to 1×10−7
mbar of C2 H2 for a further 30 seconds, after which the temperature was
slowly brought down to room temperature. The molecules used in this
work were deposited on graphene in UHV with the aid of effusion cells or
home-made resistive evaporators.

4.1

Molecular assembly on graphene-on-insulator

UHV based 2D molecular assembly on graphene has been largely driven
by studies on epitaxial graphene, produced in situ by means outlined in
Sec. 2.2.2. An important step towards application of molecular assembly
in practical, graphene-based electronics would be to test it on graphene on
insulating substrates. The most commonly used substrates for depositing
graphene, with the aim of making field-effect transistors of it, is SiO2
and hBN. As mentioned in Sec. 2.3 graphene-on-insulator is weakly
interacting and analogous to e.g, epitaxial G/Ir(111). Hence, assembly
of organic molecules on these surfaces should be similar. In Publication
I assembly of cobalt phthalocyanine (CoPc), which assembles in a square
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lattice on G/Ir(111), is investigated on the surface of graphene on SiO2
(G/SiO2 ) and graphene on hBN (G/hBN).
For this study graphene was obtained by CVD of methane on
polycrystalline copper. More speciﬁcally, a strip of 25 μm thick copper
foil was cleaned in acetic acid (to remove surface oxides) and inserted
in a furnace (operating at a base pressure of 10−2 mbar) where it was
annealed in H2 /Ar (ﬂow rate of 10/300 sccm) atmosphere at 1320 K for an
hour. Graphene growth was done at the same temperature in a H2 /CH4
atmosphere in two steps, each lasting for 5 minutes [143]: a nucleation
step with the ﬂow rate of two gases at 11/2 sccm, and a growth stage where
the ﬂow rate of CH4 was increased ten-fold. The substrate was prepared
by mechanically exfoliating hBN on a SiO2 /p++ -Si chip and subsequently
annealing it in air at 720 K to remove glue residues. Graphene was
transferred onto the substrate by the wet-transfer method outlined in
Sec. 2.2.1 with a PMMA supporting layer. Residues from the polymer
layer were removed by ﬁrst treating the chip in chloroform and then
annealing it in air at 570 K. Subsequently the sample was put inside the
UHV chamber for STM measurements.

Figure 4.1. STM image of (a) G/SiO2 (set-point 0.2 V/0.17 nA, colour scale 00.4 nm), and (b) G/hBN (set-point 0.68 V/0.4 nA, colour scale 0-0.14 nm) with
atomic-scale images in the inset. (c) Height histogram of the topograph in panels
a and b. (d) Molecular structure of CoPc. STM overview of CoPc assembly on (e)
G/SiO2 (set-point 0.7 V/5 pA), and (f) G/hBN (set-point 1.4 V/5 pA) with zoomed-in
images of the molecular lattice in the inset. (g) STM image showing two domains
of CoPc lattice at adjoining G/hBN terraces (set point 1.1 V/19 pA).

An STM micrograph of graphene on SiO2 and graphene on hBN is shown
in Fig. 4.1a and Fig. 4.1b, respectively – atomic scale images are shown
in the inset. From the images it is immediately apparent that G/SiO2 is
much more corrugated than G/hBN. A more quantitative assesment can
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be gleaned from the height histogram in Fig. 4.1c and the variation is
in accordance to previous STM studies of these two surfaces [144, 145].
A moiré pattern due to the lattice mismatch between graphene and the
underlying hBN [43] can also be seen in Fig. 4.1b. The structure obtained
after room-temperature deposition of 0.5 monolayer (ML) of CoPc (atomic
structure shown in Fig. 4.1d) can be seen in Fig. 4.1e (G/SiO2 ) and Fig. 4.1f
(G/hBN). On both surfaces the molecule assemble in a square close-packed
lattice with an averaged latice constant of a = b = 1.37 nm. These values
are quite close to literature values for assembly of CoPc on graphite [146]
and G/Ir(111) [147].
Multiple domains of the CoPc lattice, caused mainly by the surface
corrugation, are visible on G/SiO2 . Furthermore, from the zoomed-in STM
image in the inset of Fig. 4.1e it can be observed that the assembly is
disordered – the lattice constant varies with position, most likely due to
the curvature of the underlying surface. On the contrary, the assembly
on G/hBN is more regular. Extended domains of near-perfect squarelattice, limited only by hBN step edges and the occasional wrinkles and
polymer residues on graphene, were observed. The moiré pattern, visible
in Fig. 4.1f through the assembled adlayer, does not affect the assembly
– as shown in Fig. 4.1g, different domains of the adlayer are obtained
on different steps of G/hBN on the same hBN ﬂake (i.e, same G/hBN
moiré). Furthermore, the CoPc lattice is seen to align at an angle of
∼9◦ with respect to the graphene lattice. Both of the aforementioned
observations are in line with earlier experiments on graphite [146] and
G/Ir(111) [147] and point to an assembly dominated by intermolecular,
rather than molecule-substrate interaction.

Figure 4.2. (a) STS measured in the centre of CoPc molecule on G/SiO2 and
G/hBN. (b) STM image of CoPc lattice on G/hBN at bias-voltages corresponding
to HOMO (top) and LUMO (bottom); DFT calculated orbitals of the gas-phase
molecule are shown in the inset. (c) Histogram showing energy spread of the
LUMO peak of CoPc on the two surfaces.

Scanning tunneling spectroscopy (STS) on the molecule on both
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surfaces, shown here in Fig. 4.2a, show peaks at -1.5 and 0.8 V and
correspond to tunneling through the HOMO and LUMO, respectively.
Constant current STM image at these voltages, shown in Fig. 4.2b,
resemble the frontier orbitals (shown in the inset) calculated using DFT
with the all-electron FHI-aims code. The resonance peaks at HOMO
and LUMO could be fitted to Lorentzian lineshapes with linewidth of
115 and 75 mV, respectively. The linewidth of the peaks was found to
be similar for molecules on both G/SiO2 and G/hBN and indicate equal
molecule-substrate electronic coupling on both surfaces. Interestingly the
position of the peaks were found to vary from molecule to molecule. The
distribution of LUMO energies of CoPc on the two surfaces are shown in
Fig. 4.2c. The larger average LUMO energy on G/hBN (746 mV) compared
to G/SiO2 (696 mV) simply reflect the difference in work function of the
two surfaces. The variation of peak positions on G/SiO2 (24 mV) is higher
compared to G/hBN (17 mV). While it would be tempting to attribute
this to the presence of larger “charge-puddles” in G/SiO2 compared to
G/hBN [148], the length scale of these charge fluctuations (few tens of
nanometers) do not explain the molecule-to-molecule fluctuation observed
over here. The variation in CoPc/G/hBN likely comes from the local work
function modulation over the moiré unit cell. In CoPc/G/SiO2 the larger
local geometric disorder in the molecular layer (a direct result of the
high corrugation in G/SiO2 ) can be posited as the reason for the greater
variation.

4.2

Host-guest network on epitaxial graphene

Investigation of self-assembly on graphene has been mostly concentrated
on large, organic molecules which interact with each other via weak
vdW forces and form close-packed structures [14]. Conversely stronger,
directional interactions between molecules viz hydrogen, halogen, or
metal-coordination bonds, can be utilised to create more open structures
[149]. Two dimensional nanoporous networks formed by linear hydrogen
bonds between the three-fold symmetric carboxylic acids trimesic
acid (TMA) and benzene tribenzoic acid (BTB) have been studied
intensively on the surface of close-packed metals and graphite [150].
In Publication II the assembly of BTB and TMA into honeycomb
network on G/Ir(111), a model weakly-interacting graphene surface, is
investigated.
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subsequent deposition of CoPc molecules, thereby demonstrating 2D
“host-guest” assembly on graphene.

Figure 4.3. (a) STM overview of BTB network on G/Ir(111) (set point 1.6 V/6 pA)
with the structure of BTB in the inset. Typical boundary structure between (b)
misaligned (set point 1.8 V/20 pA), and (c) laterally displaced (set point 1.6 V/15
pA) domains. (d) Zoomed in STM image of an edge of a BTB network (set point
-1.45 V/2.5 pA) showing that the BTB network is not aligned to the G/Ir(111)
moiré.

The deposition of 0.2 ML of BTB (the molecular structure is shown in
the inset of Fig. 4.3a) on a G/Ir(111) substrate (held at room temperature)
and subsequent heating of the sample to 373 K for an hour leads to
the formation of an extended honeycomb network as shown in Fig. 4.3a.
The pore size of 2.5 nm and pore-to-pore distance of 3.2 nm observed
in this case match those obtained for assembly of BTB into hexagonal
network on Ag(111) [151], graphite [152–155] and G/Cu(111) [156] quite
favourably.

Large domains of the network extending for hundreds

of nanometers, growing seamlessly over terraces and wrinkles of the
underlying graphene are observed. In certain cases multiple domains
of the network, with a lateral or an angular displacement with respect
to each other are also seen on the same G/Ir(111) step. Rotationally
misaligned domains resolve through the formation of pentamer-heptamer
cavities (shown in Fig. 4.3b) in a manner similar to that observed for
polycrystalline graphene [157]. The grain boundary between laterally
displaced domains is shown in Fig. 4.3c and is similar to those found in
hexagonal networks formed by TMA on Au(111) [158]. In general, the
angular misorientation between the domains of BTB network on the same
G/Ir(111) step shows a wide variation, precluding any preferred direction
of growth of the molecular network with respect to the underlying
graphene lattice.
The zoomed-in STM image of the network given in Fig. 4.3d gives a
better view of its structure as well as the constituting molecules. As can
be seen from the atomistic model overlaid on the network, each hexagonal
pore constitutes of six BTB molecules lying at the vertices.

Each
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molecule is shared by three adjacent rings and the terminal carboxylic
groups of adjacent molecules form two symmetric hydrogen bonds (O–
H··O) that stabilise the network.

This assignment is also supported

by DFT calculation (done using periodic plane-wave basis VASP code
implemented with the optB86P functional for vdW correction).

The

enhanced contrast in Fig. 4.3d enables visualisation of the G/Ir(111) moiré
to the left of the image. As shown in the image, the high-symmetry
direction of the moiré and the network are clearly not aligned. The lack of
any preferred angle between the network and the underlying graphene,
or the G/Ir(111) moiré, indicates a weak molecule-substrate interaction.
The assembly is dictated by the stronger intermolecular hydrogen bonds,
thus explaining the ﬂexibility and stability of the network.

Figure 4.4. (a) STM image of 0.1 ML CoPc molecules in BTB network (set point
1.5 V/3 pA). (b) STM image at 0.8 ML CoPc coverage (Set-point 1.41 V/7.1 pA);
the red lines highlight the arms of the herringbone pattern formed by CoPcs
in the BTB network. (c) Starting conﬁguration of the toy model, with seven
doubly occupied pores, and (d) the ﬁnal one with herringbone arrangement in
pores obtained after annealing and cooling.

Following pioneering works of using periodic, porous structures to direct
the assembly of subsequently deposited molecular species [159, 160], the
BTB “host” network was used to pattern the assembly of CoPc, “guest”
molecules. The structure obtained after deposition of 0.1 ML of CoPc
onto the hexagonal BTB network on G/Ir(111) is shown in Fig. 4.4a. In
contrast to the close-packing of CoPc molecules seen on weakly interacting
graphene systems [74, 147], the CoPc molecules are seen to occupy the
cavities of the BTB network. The lobes of CoPc show a preference for the
hydrogen bonding site between adjacent BTB molecules. Furthermore,
even at this low coverage occasional pores are seen to have two CoPc
molecules. Further deposition of CoPc molecules lead to further, random
ﬁlling of the pores with no more than two CoPcs seen in a single pore.
Finally after deposition of 0.8 ML of CoPc the pores become almost
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uniformly doubly occupied, as shown in Fig. 4.4b. Surprisingly, the guest
molecules arrange in a herringbone fashion with each arm of the pattern
consisting of two molecules in a pore (shown in red). This is associated
with an elongation of the pores, visualised with ease on the occasional
vacant pores.
The stretching of the pores to accommodate two CoPc molecules is
shown by DFT calculations to be energetically feasible.

However,

demonstration of the formation of the herringbone pattern by using
similar means would involve impractically expensive calculation. Instead
a simple toy model, with the molecules being represented as rigid
bodies and the hydrogen bonds being simulated by harmonic springs,
was used.

The energy of the system (given by the sum of elastic

potential of the springs) is reduced when the doubly-occupied pores in
Fig. 4.4c (initial conﬁguration) undergo a spontaneous, annealing-induced
phase-transition into the herringbone arrangement in Fig. 4.4d (ﬁnal
conﬁguration). The herringbone pattern simply reduces the energy cost
associated with stretching and twisting the hydrogen bonds between the
BTB molecules.

Figure 4.5. (a) Constant current spectra on BTB/G/Ir(111) with the inset
showing the positions of the spectra on BTB and the substrate. (b) Constant
height dI/dV maps of the network (from left to right) in-gap, at LUMO and at
LUMO+1. (c) Constant height spectra on CoPc molecule trapped in BTB network
at positions shown in the inset. (d) Constant height dI/dV maps of CoPc at (from
left to right) HOMO-1, HOMO, LUMO and LUMO+1.

The electronic properties of the BTB network as well as its effects on
the CoPc molecules were studied using STS. Constant current spectra
(i.e., the bias is changed while keeping the tunneling current constant)
on the BTB network show the molecular LUMO and LUMO+1 at 2.1 and
2.8 V (Fig. 4.5a); the HOMO is not obtained for biases down to -3 V. The
spatial dependence of LUMO and LUMO+1 can be seen in the constant-
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height dI/dV maps of the network (given in Fig. 4.5b) at 2.1 and 2.8
V, respectively; the in-gap map at 1.2 V shows the molecular backbone
and is quite similar to the topographic image. Trapping individual CoPc
molecules in the pores of the network allows high-resolution spetroscopic
studies of the interaction between graphene and isolated molecules. The
energy and spatial dependence of the molecular orbitals of CoPc in the
BTB network (obtained from the point-spectra in Fig. 4.5c and dI/dV
maps in Fig. 4.5d, respectively), are very similar to the results on
G/Ir(111) and hBN/Ir(111) [74, 161]. Thus the BTB “host” network does
not affect the electronic properties of the “guest” molecule and only lends
mechanical stability to isolated molecules.

Figure 4.6. (a) STM image of self-assembled TMA networks on G/Ir(111) (setpoint 1 V/6.5 pA) with the structure of a TMA molecule shown in the inset. (b)
A novel porous hexagonal phase observed in TMA assembly (set-point 1.84 V/20
pA). (c) STM image after depositing 0.1 ML CoPc in TMA network (set point 1.2
V/0.7 pA).

In order to obtain network with smaller pore sizes TMA (molecular
structure shown in the inset of Fig. 4.6a), the smaller, parent compound
of BTB was deposited on graphene. Assembly of TMA on graphene at
solid-liquid interface has been seen to produce both close-packed [113] and
porous structure [89]. UHV deposition of TMA on G/Ir(111), followed by
annealing at 373 K for an hour, on the other hand, leads to formation of
different polymorphs. As shown in Fig. 4.6a the assembly is dominated
by small domains of the porous honeycomb and “ﬂower” phase, with
occasional closed-packed islands. In addition to these structures, which
have been previously seen on graphene, a further novel hexagonal porous
phase (Fig. 4.6b) is also observed. All porous phases have a cavity size of
∼1 nm; the pore to pore distance is ∼1.6 nm in the honeycomb phase, ∼2.6
nm in the ﬂower structure and ∼3.6 nm in the third phase. Interestingly,
all these phases, with almost identical lattice parameters were observed
with increasing coverage of TMA on Au(111) surface [162]. The result of
deposition of 0.1 ML CoPc onto the hydrogen bonded network of TMA is
shown in Fig. 4.6c. As can be seen, the CoPc molecules mostly aggregate
at the edge of the network or stay on the top of the TMA molecules.
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4.3

Site-dependent charging and non-planar adsorption on weakly
interacting graphene

The strong electron accepting molecule tetraﬂuoro-tetracyanoquinodimethane (F4 TCNQ, shown in the inset of Fig. 4.7a) has been predicted
[101], and shown [102], to p-dope graphene.

The molecule has been

observed to adsorb in a planar geometry on the strongly interacting
surface of G/Ru(0001) [163–165] as well as on the weakly interacting
G/hBN [86, 98]. On the weakly interacting G/SiC surface the molecules
were claimed to assemble in an upright geometry [102].

On all of

these surfaces the molecule was observed to be charged. Interestingly,
on close packed metal surfaces charging of this class of molecules (i.e.,
TCNQ and F4 TCNQ) is often accompanied by changes in adsorption
conﬁguration [166, 167].

In Publication II site-selective adsorption of

F4 TCNQ on G/Ir(111) accompanied by charging and structural distortion
of the molecule is explored.

Figure 4.7. (a) Overview STM image after deposition of F4 TCNQ on G/Ir(111)
(set point 0.85 V/3 pA). The moiré unit cell (red parallelogram) and FCC sites
(red sites) of the moiré have been indicated. Most of the molecules are in the twolegged conﬁguration; a ﬂat molecule is highlighted with a red circle. Zoomed-in
STM image of (b) a two-legged (set point -0.6 V/0.4 pA) and, (c) a ﬂat (set point
0.07 V/0.3 pA) F4 TCNQ molecule. (d) STM image of two-legged molecules and
G/Ir(111) moiré with the square and circle indicating HCP and FCC sites (set
point 0.7 V/0.2 pA). (e) Height-proﬁle along the line in panel d.

The structure obtained after sub-monolayer deposition of F4 TCNQ on
G/Ir(111) is shown in Fig. 4.7a.

Most of the molecules (referred to

hereafter as two-legged molecules) adsorb in an asymmetric fashion with
only two of the four terminal cyano groups visible (Fig. 4.7b) – only about
0.5 % of the molecules adsorb in a ﬂat geometry with all four cyano groups
visible (highlighted with a circle in Fig. 4.7a; a zoomed-in image is shown
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in Fig. 4.7c). The two-legged molecules are also found to be tilted. Detailed
analysis of STM images of the molecule yields a tilt angle of 13±3◦ .
Furthermore, the apparent height of the two-legged molecules is found
out to be less than that of the ﬂat ones (for both molecules, images were
taken at bias points in the gap region and at resonance peaks) indicating
that they are more strongly coupled to the G/Ir(111) surface. Occasionally,
molecules with three visible cyano groups are also seen.
Closer inspection of the adsorption sites of the two-legged molecules
reveal that they are arranged in a hexagonal lattice with the periodicity
of the G/Ir(111) moiré pattern, as shown in Fig. 4.7d. From the image
and the accompanying line proﬁle in Fig. 4.7e it is also immediately
apparent that the molecules are anchored, through the two “invisible”
cyano groups, to the the highest sites of the moiré unit cell.

In the

inverted-contrast regime at which the image was taken the apparent
height decreases as FCC>HCP>TOP [62] – the two-legged molecules are
thus anchored to the FCC site of the moiré. Following the same argument
it is seen that the ﬂat molecules have the cyano groups far away from
the FCC site and the three-legged ones have only one cyano-group at the
FCC site. Furthermore, a single molecule can be made to adopt all of
these conﬁgurations by laterally manipulating it with the STM tip. Siteselective adsorption of F4 TCNQ has been seen on G/Ru(0001) [163–165];
however, as noted before, in all of these cases the molecules were observed
to adsorb in a ﬂat-lying conﬁguration.

Figure 4.8. Long-range dI/dV spectroscopy on (a) ﬂat, and (b) two-legged
molecule with the position of the spectra on the molecules and bare substrate
marked in the inset. Constant height dI/dV maps of (c) HOMO, and (d) LUMO
of the ﬂat molecule along with the DFT calculated orbitals of the molecule in
its gas phase. (e) Constant height dI/dV maps of the SOMO and SUMO of the
two-legged molecule.
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The electronic properties of the flat and two-legged molecules are
different too. STS on the flat molecules, given in Fig. 4.8a, show three
primary peaks centred at -1200, 75 and 550 mV and are assigned to
the molecular HOMO, LUMO and LUMO+1, respectively.

The other

peaks seen in the spectra are the vibronic replica of the elastic peaks
[168]. Constant height dI/dV map at energies corresponding to HOMO
(Fig. 4.8c) and LUMO (Fig. 4.8d) are similar to the orbital shape of
neutral, gas-phase F4 TCNQ molecules as predicted by DFT. Thus, the flat
molecules are neutral. STS on the two-legged molecules, on the other
hand, show two broad peaks at -0.6 and 1.2 V. Constant height maps
at these two bias points, shown in Fig. 4.8e are similar (i.e., tunneling
through same orbital) and resemble the LUMO of the neutral, flat-lying
molecule. This is indicative of the charging of the two-legged molecules
– F4 TCNQ accepts an electron from graphene, and its LUMO splits into
singly occupied MO (SOMO, at -0.6 V) and singly unoccupied MO (SUMO,
at 1.2 V). The broader line-width of the resonance peaks for two-legged
molecules compared to the flat ones also indicate that the former are more
strongly coupled to the G/Ir(111) substrate [122].
Charging of the two-legged molecules is also supported by the
appearance of a zero-bias peak (ZBP) in the short range spectra on
them (Fig. 4.9a). Similar ZBPs has been observed on charged TCNQ
and F4 TCNQ molecules on G/Ru(0001) and are assigned to a Kondotype resonance from the coupling of the additional unpaired electron on
the charged molecule to the itinerant substrate electrons at the Fermi
energy [91, 163–165]. Consequently, spectra on the neutral, flat-lying
F4 TCNQ do not show any ZBP (Fig. 4.9b). To confirm the Kondo origin
of the peak, temperature dependent STS measurement were carried out.
The spectra recorded from 2.9 K to 12 K along with Fano line-shape fits
(modulation and thermal broadening of the spectra were accounted for
according to the prescription in Sec. 3.1.3) at each temperature are shown
in Fig. 4.9c. The half-width at half-maximum (HWHM, Γ) of the ZBPs,
extracted from the fits, show the characteristic temperature dependence
of Kondo impurity [169]. The highest intensity of the Kondo resonance
is observed on the cyano group and decreases towards the central region.
On the other hand a series of symmetric peaks on either side of EF , at
±55 mV in the centre of the molecule and at ±35 mV in the points closer
to the cyano group, begin to show up (Fig. 4.9d). These are most likely
vibration assisted Kondo peaks akin to those reported in Refs. [125, 170].
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Figure 4.9. Short-range dI/dV spectroscopy on the cyano-group of (a) twolegged, and (b) ﬂat molecule with the former showing a ZBP due to Kondo
resonance (position of the spectra on the molecules and bare substrate are
marked in the inset). (c) Temperature dependent Kondo resonance spectra
(solid lines) and Fano line shape ﬁts (dotted line). Inset shows the HWHM
(Γ) of the peaks as a function of temperature with a ﬁt to the relation 2Γ =
(αkB T )2 + (2kB TK )2 ) [169] giving TK ≈ 27.2 K and α ≈ 12.1. (d) Short-range
spectra at various positions (indicated in the inset) of the two-legged molecule.

The LUMO of F4 TCNQ is very close to the EF of G/Ir(111) and the
∼100 mV variation of local work function over the the moiré unit cell
(ΦT OP > ΦF CC/HCP [171]) is enough to cause the charging of the molecule
at the FCC sites while leaving the ones at the TOP site uncharged.
Sensitive charge stabilised system such as this are best described using
DFT calculation with hybrid functions, the computational expense (over
the entire moiré) of which would be impractically high. Hence, simpliﬁed
model systems were used for computational investigation of the chargetransfer driven nonplanar adsorption of F4 TCNQ molecules on G/Ir(111).
In the ﬁrst scheme, single-point DFT calculations were carried out by
tilting the F4 TCNQ molecule away from its parallel adsorption geometry
on free-standing graphene as shown in Fig. 4.10a. Predictably, the vdW
interaction reduces as θ increases from 0◦ to 90◦ (in Fig. 4.10b the energy
is arbitrarily deﬁned as zero at θ = 90◦ ). Interestingly, the molecular
LUMO level is seen to drop as θ is increased (Fig. 4.10c). When the LUMO
drops below graphene’s EF , charge-transfer to the molecule causes the
system to gain energy. The magnitude of this ‘afﬁnity energy’ calculated
for a gas-phase molecule, is similar to the vdW interaction energy. Thus
the equilibrium tilt angle of the molecule is achieved when the sum of
these two competing forces (i.e., vdW interaction and afﬁnity energy) is
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Figure 4.10. (a) Schematic of F4 TCNQ placed at an angle θ with respect to
graphene. (b) DFT calculated vdW interaction energy decreases with θ. (c)
DFT calculated ELU M O -EF as a function of θ. (d) Calculated total energy of
molecule as a function of θ for various ELU M O -EF . (e) Calculated side-view of
relaxed F4 TCNQ molecule on hydrogen patched graphene. (f) Cross-sections
of the calculated charge-density. (g) DFT simulated SOMO map of the bent
molecule.

minimised. Since the position of the LUMO and the EF could not be
captured accurately, calculations were carried out for a range of ELU M O EF . From the results, shown in Fig. 4.10d, it can be seen that an energy
minima corresponding to a tilt angle of 10◦ (close to the experimentally
obtained 13◦ ) is found out for ELU M O -EF = 0.08 eV (red curve).
STM images suggest that the two-legged F4 TCNQ molecules are not
only tilted, but also distorted. The cyano-groups at the bound end of
the molecule have a reduced LDOS, suggesting bonding with the FCC
sites of graphene moiré. The low lying regions of G/Ir(111) moiré are
known to be more reactive [172] and DFT calculations suggest that every
second carbon atom in these sites have a partial sp3 nature due to a weak
chemical bonding with the underlying metal surface [55]. To capture
this effect, DFT calculations were performed on the molecule/graphene
system with a small patch of hydrogen atoms added at the backside of the
low-lying sites of graphene. After complete relaxation of the system the
molecule is clearly bent, as shown in the side-view image in Fig. 4.10e.
Furthermore, the computed electron density diagram (Fig. 4.10f) show
considerable charge density between the bound cyano group and the sp3
carbon patch, indicating a bonding between the molecule and graphene at
these sites. Finally, the DFT simulated SUMO/SOMO image of F4 TCNQ
in this conﬁguration (Fig. 4.10g) is very similar to the experimentally
obtained dI/dV maps (Fig. 4.8e).

Arguably, this model represents a
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limiting case of full sp3 hybridisation of the carbon atoms in the low sites,
and hence overestimates the bonding strength. Nevertheless it points
towards a novel bonding mechanism in charged, physisorbed molecules
on weakly interacting graphene.

4.4

Transport experiments on molecule decorated graphene

While fundamental research of molecular assembly on graphene is
important in its own right, from a strictly technological point of view,
it would be imperative to study the effects of self-assembled molecular
layers on the electronic properties of graphene on insulating substrates
via I − V experiments on graphene FETs.

As outlined in Sec. 2.3

most experiments in this direction have been done in the ambient,
with the molecules mostly being deposited by solution drop-casting
[103, 112, 113, 115]. To understand the intrinsic effect of the molecular
adlayer it would be advantageous to perform such experiments in a
controlled environment i.e., ultra-high vacuum conditions, atomically
clean graphene surfaces and regulated deposition of molecules. In this
section, the results of exploratory transport experiments done in UHV
on G/SiO2 FETs decorated with a variety of molecules (all of which selfassemble on graphene) are discussed. The samples were fabricated and
cleaned according to the methods given in Sec. 3.3 and the experiments,
consisting of the deposition of molecules and the measurement of the
Rsd − Vg characteristics, were done both at room temperature and at 20 K
(sample temperature).

Figure 4.11. STM images showing molecular assembly of (a) TTF, (b) F4 TCNQ,
and (c) TTF-F4 TCNQ CTC on G/O/Ir(111) surface.

The studies were concentrated on F4 TCNQ, TTF and their chargetransfer complex (CTC); DFT calculations predict n-doping due to TTF,
strong p-doping due to F4 TCNQ and weaker p-doping by the CTC [101].
The assembly of these molecules were checked on the surface of epitaxial
graphene on iridium(111) intercalated with oxygen (G/O/Ir(111)). The
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intercalation was done by exposing sub-monolayer G/Ir(111) to 10−6 mbar
oxygen at 500 K for 10 minutes and the intercalated layer of oxygen
decouples the graphene from the metal substrate completely. STM images
of the assembly of these molecules on G/O/Ir(111) after room temperature
deposition at a sub-monolayer coverage are shown in Fig. 4.11. TTF
assembles into compact islands with close-packing symmetry (Fig. 4.11a)
and F4 TCNQ forms linear structures (Fig. 4.11b).

When these two

molecules are deposited sequentially with a 1:1 stoichiometry on the
surface, they form compact islands with alternating rows of TTF and
F4 TCNQ (Fig. 4.11c).

Figure 4.12. Output characteristics of G/SiO2 FETs before (blue curve), and
after (red curve) deposition of (a) 2 ML of CoPc at room temperature, and (b) 0.5
ML of TTF at 20 K. The experiments were performed on two different devices.

As a starting point for the transport experiments, the effect of the
deposition of CoPc, which assembles in close-packed square lattices on
graphene [74], was tested. The experiments were performed at room
temperature and predictably no doping effect was observed (Fig. 4.12a)
– the VCN P of the device remains unchanged at -22 V after deposition
of 2 ML of CoPc. Additionally, the resistance at CNP (RCN P ) increases
by 6% whereas the carrier mobilities decreases by ∼3%. Next, the effect
of the electron donating molecule TTF was tested on a different device
at 20 K. While, some theoretical calculations predict that TTF should ndope graphene slightly with each molecule donating 0.07e to graphene
[101], others predict an even weaker charge transfer (0.03e) only at
higher concentrations of molecules [173]. Surprisingly no doping effect
is observed even after deposition of 0.5 ML of TTF. The VCN P of the device
remains unchanged at -3 V, the RCN P decreases by 5%, and the carrier
mobilities decrease slightly from ∼2100 cm2 /Vs to ∼2070 cm2 /Vs.
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Figure 4.13. Output characteristics of G/SiO2 FETs before (blue curve), and
after (red curve) deposition of 0.05 ML of F4 TCNQ at (a) room temperature, and
(b) at 20 K. The experiments were performed on two different devices.

F4 TCNQ causes strong p-doping of graphene as evidenced by the large
shift in the charge neutrality point after deposition of only 0.05 ML
of the molecule.

For the room temperature experiment (Fig. 4.13a)

VCN P up-shifts from -5 V to 21 V – this corresponds to a net charge
transfer of 2.1×1012 cm−2 from the molecules.
density of

1.03×1014

molecules/cm2

With a close-packing

[86], each molecule is calculated to

accept 0.38e from graphene. The magnitude of charge transferred per
molecule agrees well with the experimentally observed value of 0.36e
obtained through Kelvin probe microscopy [115] but is slightly below
the theoretically predicted value of 0.44e [101].

For the experiments

performed at 20 K (Fig. 4.13b) the CNP shift is from -14 V to 4 V which
translates to a net charge transfer of 1.5×1012 cm−2 with each molecule
contributing 0.29e.

A prominent difference between the experiments

performed at different temperatures is that the RCN P reduces by ∼30%
after room temperature deposition whereas the reduction is only ∼1%
for low temperature measurements. Furthermore, at room temperature
the molecular adsorbtion causes signiﬁcant broadening of the transfer
characteristics with a ∼20% reduction of the mobility of both type of
charge carriers; at 20 K the effect on mobility is less than 3%.
The TTF-F4 TCNQ CTC also p-dopes graphene, albeit to a much lesser
extent. Deposition of 1 ML of the CTC at room temperature (Fig. 4.14a)
leads to an up-shift of VCN P from -10 V to 21 V, or a net charge
transfer of 2.3×1012 cm−2 from the CTC. The packing density of both
TTF and F4 TCNQ in the close-packed CTC island is calculated to be
6×1012 molecules/cm2 – this gives a charge transfer of 0.04e by each TTF-
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Figure 4.14. Output characteristics of G/SiO2 FETs before (blue curve),
and after (red curve) deposition of 1 ML of TTF-F4 TCNQ CTC at (a) room
temperature, and (b) at 20 K. The experiments were performed on two different
devices.

F4 TCNQ CTC and is drastically smaller than the theoretically predicted
value of 0.24e [101]. The up-shift of CNP for the experiments conducted
at 20 K (Fig. 4.14b) is slightly higher, from -3 V to 31 V i.e., a net charge
transfer of 2.7×1012 cm−2 with 0.045e being contributed by each TTFF4 TCNQ CTC. Analogous to the observations for F4 TCNQ, the reduction
of RCN P after deposition of CTC is more prominent at room temperature
(∼20%) than at 20 K (∼1%); the output characteristics also becomes
broader after room temperature deposition. The molecular deposition
causes an almost equal reduction of both electron and hole mobility,
by ∼22% for room temperature measurements and by ∼5% for low
temperature experiments.
The results show signiﬁcant difference between the transfer characteristics of graphene devices following molecular deposition at room temperature and at low temperature. The slight difference in the net chargetransfer in these two conditions can be resolved in the light of increased
thermal smearing of energy levels at elevated temperatures. This changes
the degree of overlap between graphene’s EF and the molecular orbitals
and consequently, the amount of doping. This however, does not explain
the drastic reduction in RCN P and broadening of the output characteristics at room temperature. The difference is likely to be caused by the
way the molecules assemble at different temperatures. After deposition
at 20 K (substrate temperature), the molecules are less mobile and are
essentially randomly distributed over the surface. After room temperature deposition the molecules are quite mobile and assemble into islands
around preferred nucleation sites. Even within the islands the molecules
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are likely to reorganize once they are charged (due to charge transfer from
the gated graphene). This kind of large scale non-uniformity in the resulting doping landscape should act similarly to the effect of intrinsic charge
puddles and result in additional broadening of the transfer characteristics. More thorough experiments and better theoretical understanding
of the effect of impurity distribution on graphene’s transport properties
would be required to explain the observations quantitatively.
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5. Conclusion

To summarise, the structure and electronic properties of self-assembled
organic molecules on graphene were studied with the aid of UHV, LTSTM/STS. As a starting point, technologically relevant graphene-oninsulator substrates viz, G/SiO2 and G/hBN, are used to investigate the
assembly of CoPc (Sec. 4.1 and Publication I). This molecule has been
reported to assemble in a close-packed square lattice on the surface
of G/Ir(111) and the assembling motif is observed to be the same on
both graphene-on-insulator substrates. However, on the more corrugated
G/SiO2 the assembly is marked by small domains and local disorder
within the domains. On the atomically smooth G/hBN, perfect lattice
of the molecules with large domains, limited only by terraces in the
underlying hBN substrate, is observed. STS measurements reveal small
fluctuations in the energetic position of the frontier orbitals of the
molecule – the effect is again more pronounced on G/SiO2 than on G/hBN.
Thus, G/hBN forms the ideal model system for studies on controlling
the electronic properties of graphene by periodic potential modulations
imposed by molecular assemblies.

Moreover, the observations point

to direct parallel between assembling behaviour on G/hBN and the
experimentally more accessible G/Ir(111), and the latter can be used as
a test-bed to try out different molecular assembling motifs.
The 3-fold symmetric tricarboxylic acid, BTB is observed to assemble
into extended honeycomb network on G/Ir(111) (Sec. 4.2 and Publication
II). The periodic nanopores of the network are also used to pattern
the assembly of CoPC molecules and the BTB network itself had no
observable effect (as revealed by STS) on the electronic properties
of the guest molecules.

This points to the potential use of the

network in templated adsorption of suitable dopant or catalytic
molecules on graphene. Experimental studies of individual molecules
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on graphene are very difficult due to their weak interaction with
graphene and the consequent requirement of very small set-point
currents.

As demonstrated here, the pores of the network can be

used to isolate individual molecules, thereby enabling a range of highresolution spectroscopic studies of molecule-graphene interactions. At
higher coverage of CoPc, the host network is observed to deform to
accommodate two guest molecules per pore and this again opens up
potential application in engineering heterodimers and studying their
intermolecular interactions on graphene.
Controlling the charge-carrier concentration in graphene by physisorption requires molecules with affinity energy or ionisation potential equivalent to graphene’s work function. The strong electron acceptor F4 TCNQ
is known to hole dope graphene and its assembling behaviour is investigated on G/Ir(111) (Sec. 4.3 and Publication III). Under conditions of
low coverage the molecules are observed to selectively adsorb in the FCC
sites of the graphene moiré. The molecules on these sites are charged as
evidenced by, among other things, signatures of Kondo resonance in the
tunneling spectra taken on them. The charged molecules are also found
to undergo pronounced structural relaxation into a “two-legged” configuration. This is in stark contrast with the uncharged, flat molecules in
the TOP or HCP region of the moiré. Theoretical calculations point to
the close proximity of the molecular LUMO to graphene’s EF and the
modulation of work function and chemical reactivity over the G/Ir(111)
moiré as the prime reasons for the site-selective charging and bending of
F4 TCNQ. The results demonstrate the delicate balance between vdW interactions, charge transfer and chemical reactivity governing the adsorption behaviour of molecules on weakly interacting systems. Apart from
fundamental interest in such systems, the observations are important for
molecular adsorption on non-flat, partially sp3 hybridised graphene systems e.g., the oft used G/SiO2 .
Finally, the effect of self-assembled molecules on the electronic
properties of graphene is probed by means of UHV based transport
experiment on atomically clean G/SiO2 FETs decorated with a controlled
amount of the molecules (Sec. 4.4). The deposition of CoPc and TTF is not
observed to have any significant effect on the output characteristics. On
the other hand, both F4 TCNQ and TTF-F4 TCNQ CTC are seen to p-dope
graphene; the doping effect is significantly stronger for F4 TCNQ (0.38e
transferred per molecule) than for the CTC (0.04e per TTF-F4 TCNQ
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unit). The molecular adlayer also cause slight reduction of the mobility
of graphene, with the effect being more pronounced at room temperature
than at 20 K. These were the first experiments done to explore the effect
of molecular adlayers on graphene and beyond the obvious application of
using physisorbed molecules to dope graphene, it also sets the framework
for future research into using molecular layers to engineer graphene’s
band-structure.
This work aims to serve the dual purpose of gaining insight into the selfassembly and the electronic properties of organic molecules on graphene,
as well as finding means of controlled modification of graphene’s electronic
properties by physisorption of molecules. The results presented in this
work clearly indicate graphene to be a unique substrate for fundamental
research on molecular assembly. On the second front, the observations in
this thesis indicate a clear need of rational choice of molecular building
blocks with the proper assembling motif (structure and period) on, and
appropriate interaction with, graphene. Although the initial euphoria
associated with the discovery of graphene has subsided, targeted research
into other 2D materials and vdW heterostructures based on them is
gaining popularity [174,175]. Molecular monolayers incorporated in these
structures can lend additional stability, functionality and potentially
unlimited flexibility in choosing the constituents. Both graphene and
molecular monolayers have shown promising results for immediate
application in flexible and transparent electronics, sensors etc.

A

combination of these purely two-dimensional building blocks, especially
in conjunction with other atomically thin crystals, can open a hitherto
unknown vista of materials with exciting structural and electronic
properties.
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